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Abstract 
This PhD project investigated the effects of a co-continuous phase structure on the 
ductility of poly(lactic acid) (PLA) blends. An empirical model was used to predict the 
phase inversion point of the blends. The co-continuous phase morphology was first 
observed in polybutylene succinate(PBS)/PLA blends. With as little as 10 wt% of 
PBS, PBS/PLA blends achieved a dramatic improvement in ductility, over 250% 
elongation-to-break. Clay additives were incorporated in PBS/PLA blends. Clay was 
found out to affect the compatibility and co-continuous phase morphology of 
PBS/PLA blends. The clay dispersion was found to have an intercalated and 
exfoliated structure at a PBS/PLA composition ratio of 20/80. The clay particles 
increased the mixing conditions between the polymers by producing a finer structure, 
but also destroyed the co-continuous phase morphology, resulting in a substantial 
decrease in elongation-at-break. PLA was then blended with Poly(butylene adipate-
co-terephthalate) (PBAT) to examine whether the co-continuous phase model could 
also be applied to other PLA-polymer blends. From the melt viscosity ratio of PLA 
and PBAT in the processing regime used in the study, the predicted phase inversion 
value was 19 wt% of PBAT. This value was verified by the results of mechanical 
properties, where results for elongation-to-break show a dramatic rise from around 
10% up to 300% in the composition range between 10 and 20wt% of PBAT.  
Polyhydroxyalkanoate (PHA) was also blended with PLA and this project 
investigated how co-continuous phase morphology affects the blends of two brittle 
polymers. It was found that when PHA content ranged from 10 to 20wt%, the brittle-
brittle polymer blends showed ductile behaviour due to a plane stress effect.  
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1. Introduction  
1.1 Background 
Plastics started to replace natural materials about a century ago because of their 
better chemical and physical properties. With enhanced technology, their durability 
and stability have been greatly improved and nowadays they are considered as an 
indispensable constituent of our daily life. However, a significant problem is waste 
polymer disposal, which is growing sharply.  The total world demand for plastics in 
1993 was over 107 million tons [1] while the demand was increased to 320 million 
tons in 2015 [2]. The enormous increase in demand and lack of biodegradability of 
disposable plastics, especially in packaging applications that dominate 47% of total 
plastic production, has aroused a big environmental issue about potential polymer 
waste accumulation and pollution problems, which could last for centuries [3], [4]. 
At first, two approaches have been used to solve the problem of waste plastics: 
incineration and recycling. Incineration of the waste polymer may produce a large 
amount of carbon dioxide, which contributes to global warming. However, use of 
modern incineration with energy recovery is a potential solution. On the other hand, 
recycling will not exacerbate environmental pollution and may solve the waste 
problem. However, this process requires a large amount of energy and labour, which 
can make recycled plastic too expensive to be used. Regardless of the high cost, the 
properties of recycled plastic may be poorer than those directly polymerised from 
petroleum resources because of degradation [5]. 
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Under these conditions, bioplastics with environmental acceptability, derived from 
sustainable resources have been produced. According to the data from European 
Bioplastics [6], the production of bioplastics is estimated to grow from around 2.05 
million tons in 2017 to 2.44 million tons by 2022. Biodegradable polymers, which 
were first introduced in the 1980s to reduce environmental pollution, as well as 
produce a non-petroleum-based polymer, have dominated the bioplastics market 
with an approximate 90% share. The term ‘bioplastic’ refers to plastic that is derived 
from biological resources, which includes the term ‘biopolymer’ referring to polymers 
that are naturally produced from renewable resources (i.e. starch and cellulose). The 
term ‘biodegradable plastic’ is defined in EN ISO 472:2013 as: “degradable plastic in 
which degradation results in lower molecular weight fragments produced by the 
action of naturally occurring microorganisms such as bacteria, fungi and algae.” The 
term ‘biodegradable polymer’ stands for a certain class of materials that can be 
relatively rapidly biodegraded by natural elements such as bacteria, fungi or algae 
under suitable conditions [7]. Bioplastics consist of three categories [8]:  
• Plastics that are biobased or partly biobased, but not biodegradable such 
as bio-PE (Polyethylene), bio-PET (Polyethylene terephthalate).  
• Plastics that are both biobased and biodegradable such as PLA 
(Poly(lactic acid)), PHAs (Polyhydroxyalkanoates) and cellulose.  
•  Biodegradable plastics that are derived from fossil resources, such as 
PBS (Polybutylene succinate) and PBAT (Poly(butylene adipate-co-
terephthalate)), which are not strictly bioplastics but are sometimes 
described as such. 
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Biodegradable polymers are gradually substituting traditional polymers in many 
applications. For instance, many biodegradable polymers possess relatively good 
film-forming properties and that makes them suitable for many areas that require 
high packaging performance such as waste bags, food packaging, agricultural film 
and soil retention sheeting. They are also suitable for thermoformed packaging and 
bottles. Biodegradable polymers can also be used in medical application such as 
tissue engineering and drug delivery because of their biocompatibility and bioactivity.  
In principle, the number of potential applications is infinite because bioplastics are 
generally more environmentally friendly. They do not produce environmental hazards 
in processing, use or disposal so in this respect, they are preferable compared to 
traditional polymers. However, some potential applications are hampered by certain 
limitations of biodegradable polymers, such as cost constraints and poor 
performance compared with traditional polymers [9]. Due to the limitations of 
biodegradable polymers, their current use is not as broad as expected. If those 
disadvantages could be improved, biodegradable polymers could be widely used in 
many applications and reduce the environmental problems caused by waste plastics.  
Bioplastics are widely used in various areas, from packaging, textiles, consumer 
goods, automotive & transport to building & construction and a number of other 
market segments (Figure 1. 1 (a)). Packaging still occupies the largest field of 
application for bioplastics with 58% (1.2 million tonnes) of total bioplastics production 
output [6].  
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Figure 1. 1 Global production capacities of bioplastics in 2017 (a: By market 
segment; b: by material type) [6] 
 
Figure 1. 1 (b) describes the worldwide production capacities of different bioplastics 
and shows that only 42.9% of bioplastics, produced in 2017, is biodegradable. It can 
also be seen that PLA has the highest production output among biodegradable 
polymers, which is 210,000 tonnes (10.3%*2.05million tonnes). Production 
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capacities of PLA are also predicted to grow by 50% by 2022 compared with 2017. 
PBAT, PBS and PHA also have relatively high production output because of their 
good properties. PLA, PBAT, PBS and PHA are all polyesters, and biodegradable 
polyesters display relatively good mechanical properties without losing 
biodegradability.  
From the health and safety perspective as well as the environmental perspective, 
starch, PLA and PHA are preferable to other biodegradable polymers [9]. Regarding 
mechanical strength and processability, PLA is preferable to PHA and starch. 
Although PLA production output occupies 10.3% of the total output for bio-plastics, 
the applications of PLA have been limited because of its particular disadvantages. 
The biggest disadvantage of PLA is its brittleness. Therefore, the primary purpose of 
this project is to increase the ductility of PLA without losing much of its strength. The 
improvement for water barrier property of PLA is also investigated in this project 
because poor water barrier property is another disadvantage of PLA.  
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1.2 Aims and Objectives  
The primary aim of the project is to improve the ductility of PLA (Poly(lactic acid) by  
melt blending with other biodegradble polymers. 
The first polymer blended with PLA was polybutylene succinate (PBS) and it was 
discovered that there was a dramatic improvement in ductility in particular 
composition range due to the formation of a co-continuous phase structure. It was 
also discovered that the volume fraction at which the co-continuous phase structure 
was formed could be predicted from an empirical model relating to the volume 
fraction to the ratio of the melt viscosities of the two polymers in the blend. 
The second aim of the project then focuesed on discovering whether this empirical 
model could be applied to other polymer systems. Hence, blends of PLA with PBAT 
and PHA were also investigated. 
Aother aim of this project was then to investigate the effect of nanoclay in PBS/PLA 
blends and how nanoclay affected the co-continuous phase structure.  
In the first chapter, two bio-based, biodegradable polymers, poly(butylene succinate) 
(PBS) and poly(lactic acid) (PLA) were blended and investigated. A series of melt-
blended compounds were prepared at PBS/PLA weight ratios of 0/100, 2/98, 4/96, 
6/94, 8/92, 10/90, 20/80, 40/60, 50/50, 60/40, 70/30, 80/20 and 100/0. Thermal 
properties, crystallinity, melt viscosities, mechanical properties and phase 
morphology were studied. With as little as 10 wt% of PBS, PBS/PLA blends 
achieved a dramatic improvement in ductility, over 250% elongation-to-break. This 
was because of the co-continuous phase morphology, which was determined by the 
relative viscosities of the components. 
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In the second chapter, clay was added into PBS/PLA blends to increase the 
compatibility between PBS and PLA. PBS/PLA composition ratios in the PBS/PLA-
clay nanocomposites were 0/100, 20/80, 40/60, 60/40, 80/20 and 100/0. With clay 
contents of 1, 3 and 5 wt%, 18 samples with different composition ratios were 
produced. The thermal properties, crystallinities, melt viscosities, morphologies, 
tensile properties and water barrier properties of the composites were investigated. 
The clay dispersion was found to have an intercalated and exfoliated structure at a 
PBS/PLA composition ratio of 20/80. The clay particles increased the compatibility 
between the polymers by producing a finer structure, but also destroyed the co-
continuous phase morphology, resulting in a substantial decrease in elongation-at-
break. 
The third chapter examines the validity of the co-continuous phase mechanism and 
the accuracy of prediction by the empirical model. Melt blended compounds of 
poly(lactic acid) (PLA) and poly(butylene adipate-co-terephthalate) (PBAT) with 
composition ratios of 0/100, 2/98, 4/96, 5/95, 6/94, 8/92, 10/90, 12/88, 14/86, 16/84, 
18/82, 20/80, 40/60, 50/50, 60/40, 80/20 and 100/0 were prepared. The melt 
viscosities, thermal properties, crystallinity, mechanical properties and phase 
morphology were investigated. From the melt viscosity ratio of PLA and PBAT in the 
processing regime used in the study, the predicted phase inversion value is 19 wt% 
of PBAT. This value is verified by the results of mechanical properties, where results 
for elongation-to-break show a dramatic rise from around 10% up to 300% in the 
composition range between 10 and 20wt% of PBAT. The co-continuous phase 
structure is also validated by scanning electron microscopy. 
In the fourth chapter, a brittle bio-derived biodegradable polymer, 
polyhydroxyalkanoate (PHA), was chosen to be blended with PLA. This chapter aims 
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to determine how the co-continuous phase morphology affects polymer blends 
between the two brittle polymers. PHA/PLA blends with composition ratios of 0/100, 
5/95, 10/90, 15/85, 20/80, 25/75, 30/70, 35/65, 40/60, 60/40, 80/20 and 100/0 were 
produced. Their thermal properties, melt viscosities, morphology and tensile 
properties were determined. It was found that when PHA content ranged from 10 to 
20wt%, the brittle-brittle polymer blends showed ductile behaviour due to a plane 
stress effect.  
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2. Literature Survey 
2.1 Biodegradable polymers 
In general, biodegradable polymers can be divided into two groups based on the 
difference of their origin: those derived from petroleum resources and those from 
renewable resources [10]. The latter group, especially agro-polymers, which includes 
protein and polysaccharide, normally display poor mechanical properties and high 
cost, but better biodegradability compared with those derived from petroleum.  
Unlike PHAs, which are entirely naturally produced, PLA is synthesized from lactic 
acid monomer obtained through starch fermentation by lactic bacteria. The lactic 
acid monomer obtained by this technique is almost pure L-lactic acid [11]. Poly( L - 
lactic acid) (PLLA) is currently used in packaging, and it can also be used for bio-
medical devices because it is biocompatible with human tissues [12].  
The life cycle of synthesized biodegradable polymers which are synthesized from 
intermediates derived from renewable resources is shown in Figure 2. 1. In this life 
cycle, no hazard will be produced, so it is environmentally friendly. Under the 
conditions of bacteria, water and oxygen, polymer products will gradually biodegrade 
to biomass, carbon dioxide and water, which will eventually become part of the 
agricultural feedstocks under the mechanism of photosynthesis, thus completing the 
cycle.  
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 Figure 2. 1 Lifecycle of synthesised biodegradable polymers derived from 
renewable resources 
 
Biodegradable polymers derived from petroleum resources are mainly synthetic 
plastics with hydrolysable functions, such as urethane, amide and ester [13]. 
Compared with those derived from renewable resources, these polymers display a 
better performance and lower cost but poorer biodegradability. In this category, the 
aliphatic polyester group is the most widely investigated class not only because of its 
synthetic versatility and essential diversity but also because these are currently the 
only biodegradable compounds with high molecular weight [10]. Biodegradable 
polyesters are mainly produced through ring-opening polymerisation of lactones with 
six or seven carbon atoms [14]. Aliphatic polyesters are biodegradable because of 
their hydrolysable ester bonds. Biodegradable polyesters can also be divided into 
two classes depending on the constituent monomers’ bonding type. Poly (lactic acid) 
and Poly (glycolic acid) are synthesized from hydroxy acids (HO-R-OOH). The 
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second class is Poly(alkene dicarboxylate)s and they are produced by 
polycondensation of dicarboxylic acids and diols, such as PBS (poly(butylene 
succinate)) and PES (poly(ethylene succinate)) [10]. 
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2.2 Polymer blending 
Although biodegradable polymers have many advantages in terms of waste disposal, 
they often have limited performance compared with conventional polymers. 
Therefore, modification is essential for the application of biodegradable polymers. 
Compared with other modification approaches, blending is a relatively fast and 
cheap technique to improve the performance of polymers. Physical blending is a 
straightforward mixing technique of polymers in the melt state or a solvent without 
any chemical reaction. Various characteristics can be achieved or enhanced via 
blending.  
These approaches indicate the most important characteristics required in 
biodegradable polymers. PHAs can be versatile but also expensive; therefore the 
main purpose of blending PHAs with other materials is to reduce cost [14]. On the 
other hand, starch is cheap but also displays poor mechanical properties, so 
blending starch with other materials, such as polyhydroxybutyrate (PHB), is to 
improve performance. In the case of PLA, the cost can be reduced by blending with 
starch. The properties of a brittle biodegradable polymer such as PLA [15] are similar 
to those of polystyrene (PS), so impact resistance is the main motivation for blending. 
Therefore, PLA is mainly blended with PHAs [16] and polycaprolactone (PCL) [17] to 
improve toughness. 
Two important terms to describe polymer blends are miscibility and compatibility. 
Miscibility is a thermodynamic term which refers to mixing at the segmental level and 
the free energy of mixing must be a negative value. The theory commonly used for 
miscibility determination is Flory-Huggins lattice theory [18]: 
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    ∆𝐺𝐺𝑚𝑚 = ∆𝐻𝐻𝑚𝑚 − 𝑇𝑇∆𝑆𝑆𝑚𝑚                                 (2.1) 
∆𝐺𝐺𝑚𝑚 = 𝑅𝑅𝑇𝑇𝑅𝑅 �𝜙𝜙1𝑣𝑣1 ln𝜙𝜙1 + 𝜙𝜙2𝑣𝑣2 ln𝜙𝜙2� + 𝜙𝜙1𝜙𝜙2𝜒𝜒12𝑅𝑅𝑇𝑇𝑅𝑅𝑣𝑣𝑟𝑟 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑏𝑏𝑚𝑚𝑏𝑏𝑏𝑏𝑏𝑏)       (2.2)   
Where ∆𝐺𝐺𝑚𝑚 = free energy of mixing;  ∆𝐻𝐻𝑚𝑚 = 𝜙𝜙1𝜙𝜙2𝜒𝜒12𝑅𝑅𝑅𝑅𝑅𝑅𝑣𝑣𝑟𝑟 ;  𝑇𝑇∆𝑆𝑆𝑚𝑚 = −𝑅𝑅𝑇𝑇𝑅𝑅 �𝜙𝜙1𝑣𝑣1 ln𝜙𝜙1 +
𝜙𝜙2
𝑣𝑣2
ln𝜙𝜙2�; R = Gas constant; T = Temperature; V= total volume; 𝑣𝑣𝑖𝑖= molar volume of 
polymer chain i; 𝑣𝑣𝑟𝑟= molar volume of a specific segment (usually 𝑣𝑣𝑟𝑟is calculated by 
𝑣𝑣𝑟𝑟 = √𝑣𝑣1𝑣𝑣2  ) 𝜙𝜙𝑖𝑖 = volume fraction of polymer i; 𝜒𝜒12 = Flory-Huggins interaction 
parameter. 
For polymer blends to be miscible, ∆𝐺𝐺𝑚𝑚 must be negative. During mixing, two parts 
contribute to free energy, the enthalpy (∆𝐻𝐻) and the entropy (−𝑇𝑇∆𝑆𝑆). The free energy 
(∆𝐺𝐺𝑚𝑚) must be negative if the blend is to be miscible. The value of entropy (∆𝑆𝑆 ) is 
always positive since mixing will lead to an increase in entropy, therefore −𝑇𝑇∆𝑆𝑆 is 
always negative. For low molecular weight components, increasing temperature 
normally will increase miscibility because entropy (−𝑇𝑇∆𝑆𝑆) becomes more negative, 
therefore leading to a more negative value (upper critical solution temperatures: 
UCST) [19]. However, for high molecular weight components (most polymers are 
considered high molecular weight), because the ∆𝑆𝑆𝑚𝑚  is too small and increasing 
temperature will not significantly contribute to the negative part of free energy, the 
enthalpy term can dominate the free energy and lead to a reverse behaviour, that is 
to say the miscibility will decrease with increasing temperature (lower critical solution 
temperatures: LCST) [20]. The behaviour of UCST and LCST is shown in Figure 2. 
2, which illustrates the spinodal and binodal phase separation. 
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Figure 2. 2 Phase diagram of polymer blends: the ucst and lcst behaviour [20] 
 
Pressure also has an effect on miscibility, although it is not always as straightforward 
as the effect of temperature. Based on extensive experiments, it has been found that 
Tc (Critical point) will most likely increase with pressure. Therefore, in UCST blends, 
increasing pressure almost always reduces the miscibility range while the miscibility 
range increases with increasing pressure for LCST [21]. For ∆𝐻𝐻𝑚𝑚 > 0, miscibility is 
reduced by increasing pressure whereas for ∆𝐻𝐻𝑚𝑚 < 0, higher pressure leads to a 
higher chance of miscibility. For most polymers, increasing pressure decreases 
miscibility. The spinodal points are related to  
                                                              𝜕𝜕2∆𝐺𝐺𝑚𝑚
𝜕𝜕𝜙𝜙2
= 0                                                    (2.3) 
There is no thermodynamic driving force to either drive the polymer blend to 
macroscopic phase separation or resist composition fluctuations as long as the 
blending system is at the  spinodal points. In other words, the diffusion coefficient of 
both components in the blend equals to zero.  
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If  𝜕𝜕
2∆𝐺𝐺𝑚𝑚
𝜕𝜕𝜙𝜙2
< 0, the system is unstable and in the phase separated region while if 
𝜕𝜕2∆𝐺𝐺𝑚𝑚
𝜕𝜕𝜙𝜙2
> 0, the system is meta-stable and in the metastable region. The critical point 
is related to the position where  
                                         𝜕𝜕3∆𝐺𝐺𝑚𝑚
𝜕𝜕𝜙𝜙3
= 0                                  (2.4) 
The binodal curve refers to the equilibrium phase boundary where the phase 
separated region and single phase are separated. The binodal curve can be 
determined by standard technical methods such as Differential scanning calorimetry 
(DSC) and Wide-angle X-ray diffraction (WXRD).   
Compatibility is a technical term which describes the situation where there is partial 
mixing occurring at the interfaces between phases. It often refers to the useful 
properties of polymer blends. If the properties of the blends correspond to the 
expectation, the compatibility of the polymers is considered good.  
For the blends of bio-based and biodegradable polymers, miscibility is often 
mentioned but only on a very superficial level. The properties of biodegradable 
polymer blends are different from many commercial polymers because they have 
polar groups in their structure which can produce stronger interaction by dipole-
dipole or induced dipole interactions of polar groups than other commercial polymers 
such as polyolefin blends, which only have dispersion forces. That is the reason 
some biodegradable polymer blends can be miscible up to a very high content, or 
even fully miscible. Nijenhuis et al. [22] found that PLA and PEO (Poly (ethylene 
oxide)) were fully miscible in the amorphous phase; Gajria et al. [23] found a single 
Tg for all the compositions for PLA and PVAc (Poly (vinyl acetate)) blends. Sheth et 
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al. [24] analysed the results of DSC and found that PLA and PEG (Poly (ethylene 
glycol)) can be miscible up to 30 wt.% concentration of PEG.  
 Mechanical properties, such as tensile strength, are largely affected by the 
miscibility and structure. The tensile strength of polymer blends can be calculated 
using equation (2.6) [25], which is a theoretical equation: 
                            𝜎𝜎𝑅𝑅 = 𝜎𝜎𝑅𝑅0𝜆𝜆𝑛𝑛 1 − 𝜙𝜙𝑑𝑑1 + 2.5𝜙𝜙𝑑𝑑 exp(𝐵𝐵𝑅𝑅𝜙𝜙𝑑𝑑)              (2.5) 
𝜎𝜎𝑅𝑅 is the true tensile strength of the blend; 𝜎𝜎𝑅𝑅0, 𝜎𝜎𝑅𝑅𝑑𝑑 are the tensile strength of the 
polymer that required modification (it can be seen as a matrix in this condition) and 
the dispersed phase, respectively; n is a parameter reflecting the strain hardening 
characteristics of the matrix; 𝜙𝜙𝑑𝑑 is the volume fraction of the dispersed phase; 𝜆𝜆 is 
the relative elongation and equals to 𝐿𝐿/𝐿𝐿0; 𝐵𝐵𝑅𝑅 refers to the capacity of load bearing 
of the disperse phase [26]. 𝐵𝐵𝑅𝑅 is determined by the properties of the components 
and the interaction between them:  
                                          𝐵𝐵𝑅𝑅 = ln(𝐶𝐶 𝜎𝜎𝑅𝑅𝑑𝑑𝜎𝜎𝑅𝑅0)                            (2.6) 
C is the interaction and refers to the efficiency of stress transfer between phases.  
Fekete et al. [26] found C was in inverse correlation to the Flory-Huggins interaction 
parameter as shown in Figure 2. 3. The inverse correlation of C and 𝜒𝜒 shows the 
relationship between miscibility and mechanical properties of the blend. A lower 
Flory-Huggins interaction parameter leads to a lower enthalpy and thus a higher 
potential for the blend to be miscible. A lower 𝜒𝜒  also corresponds to a higher 
efficiency of stress transfer (C value), which leads to a higher capacity of load 
bearing and in term a higher true strength of the blend. That means that better 
miscibility results in better mechanical properties. Figure 2. 3 shows that the Flory-
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Huggins interaction parameter value of PBS and PLA is slightly less than zero, which 
means PBS and PLA have the potential to be miscible.  
 
Figure 2. 3 Correlation of Flory-Huggins parameter and Parameter C in different 
polymer blend system [26], [27] 
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2.3 Co-continuous phase 
Some polymer blends still have good mechanical performance even when they are 
not miscible and show low compatibility due to the formation of a co-continuous 
phase. Co-continuous phase morphology is the coexistence of two continuous phase 
structures in the same volume. The advantage of co-continuous phase morphology 
is that it can combine the properties of both components favourably [28].  
Generally, the morphology obtained after mixing immiscible polymers can be divided 
into four groups, which are matrix-fibre, matrix-dispersed particle, lamellar and co-
continuous phase structure (Figure 2. 4). Commercial polymer blends often display 
matrix-dispersed particle structures, especially for polymers with rubber toughening 
mechanisms. Co-continuous phase, even though not convincingly proven and 
explained, draws much interest as it can offer a better combination of properties of 
the two components compared with dispersed-type structures [29]. That is because, 
in normal polymer blends, the component that forms the matrix dominates the 
properties, whereas, in polymer blends with co-continuous structure, both 
components contribute to the properties.   
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Figure 2. 4 Four main types of structure in immiscible polymer blends under 
Scanning Electron Microscopy (a) Co-continuous (PE/PS compatibilized 25/75 
blend); (b) Lamellar (PP/EPDM80/20 blend); (c) Matrix-dispersed particle 
(TPU/PP80/20 blend); (d) Matrix-fibre (PA6/SAN30/70 blend); [29] 
The formation of co-continuous phase structures has been investigated since the 
1980’s. Now, there is evidence to show that the co-continuous phase not only forms 
at one single volume fraction but also forms over a range of volume fractions [30]–
[32]. The stability of the co-continuous phase, as well as the extent of the volume 
fraction range, is related to the interfacial tension between the two components. 
Generally, lower interfacial tension would lead to a more stable co-continuous phase 
structure [30], [33].   
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Some literature [34] also suggests that polymer blends with a lower interfacial 
tension are more likely to have a broader co-continuous phase region than those 
with higher interfacial tension. The aspect ratio (L/B), where L is the length and B is 
the diameter of the thread, is also said to affect the stability and formation of co-
continuous structure [35]. Maximum packing density (Φmax) has to be reached to 
form a co-continuous phase structure as the randomly distributed droplets will have 
to touch one another to become a continuous phase. An empirical relationship 
between maximum packing density and aspect ratio was initially found by Cross et al 
[36]:  
1
Φmax = 1.38 + 0.0376(𝐿𝐿𝐵𝐵)1.4                           (2.7) 
The most important factor that affects the formation of the co-continuous structure is 
the shear viscosity of the components. The co-continuous structure starts to form 
around the phase inversion point, where dispersed component 1 in the matrix of 
component 2 starts to become the matrix while component 2 starts to become the 
dispersed component. An empirical relationship describing the phase inversion point 
was first introduced by Paul and Barlow [37]:   
𝜑𝜑1
𝜑𝜑2
= 𝜂𝜂1
𝜂𝜂2
                                                     (2.8) 
where φ1 and φ2 are the volume fractions of components 1 and 2, and η1 and η2 are 
the respective shear viscosities at the processing temperature and shear rate. From 
the equation, it’s clear to see that co-continuous structure can occur at a very low 
concentration of the dispersed component if the dispersed component has a much 
lower viscosity than the matrix component. This equation predicts the phase 
inversion point, which is only one single point, but the co-continuous phase structure 
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will form over a range of volume fractions and the phase inversion point is the 
starting point. Figure 2. 5 illustrates the relationship between volume ratio and 
viscosity ratio for the co-continuous phase to occur. 
 
Figure 2. 5 Effect of relative component proportions and viscosity on phase 
morphology [38] 
 
Metelkin and Blekht [39] developed another model based Tomotika’s theory [40] on 
the instability of a liquid film in another liquid. Their theory is based on the premise 
that a thread surrounded by another liquid will eventually break up because 
interfacial tension drives the instability. Their model is as follow:  
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𝜙𝜙2 = 11 + 𝜆𝜆𝜆𝜆(𝜆𝜆)                                                     (2.9)  
𝜆𝜆(𝜆𝜆) = 1 + 2.25 log 𝜆𝜆 + 1.81(log 𝜆𝜆)2            (2.10) 
 (where λ = η1/η2 and 𝜙𝜙2is the inversion point of component 2. ) 
Steinmann et al. [41] introduced another equation based on the relationship between 
phase inversion composition and the shape relaxation time of the two components. 
From this relationship, they proposed a simple equation: 
𝜙𝜙2 = 11 + 𝜆𝜆1/𝑍𝑍                                    (2.11) 
(where the parameter Z depends on different factors including the specific interfacial 
area, the relaxation rate of the structure and the blending conditions). 
Literature has shown that many factors can affect viscosity ratios and consequently 
influence the phase inversion point. Shin [42], [43] found that the component, which 
eventually formed the dispersed phase, tends to have a lower melting point 
compared with the component that formed the matrix. Chemical reactions between 
two components such as degradation, chain extension, grafting or crosslinking can 
also alter the viscosity, and therefore affect the phase inversion point. Corley and 
Radusch [44] have investigated the effect of rubber crosslinking on the co-
continuous phase network formation, and they have significantly increased the 
mechanical properties of their dynamic vulcanizate.  
Viscosity ratios can also be affected by processing conditions such as mixing 
temperature and shear conditions. Kitayama et al. [45] have investigated the 
morphology change of Nylon6/Styrene-acrylonitrile/Imidized-acrylic (PA/SAN/IA) 
blends with a composition ratio close to the phase inversion point. They found that 
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PA6 became the matrix by extrusion in a single-screw extruder and that the co-
continuous phase occurred after Brabender batch mixing for 10mins at rotation 
speed of 60rpm in addition to the extrusion. However, when the blends were mixed 
in a laboratory mixer for additional 10mins at rotation speed of 5rpm, PA6 
subsequently became the dispersed phase(Figure 2. 6).  
 
Figure 2. 6 TEM images of M-PA/SAN25/IA=47.5/47.5/5 blends: a) prepared in an 
extruder; b)prepared in an extruder, then mixed in a Brabender batch mixer at 60 
rpm for 10min; c) prepared in an extruder, then mixed in a Brabender batch mixer at 
60 rpm for 10min and additional mixing in the Brabender batch mixer at 5 rpm for 10 
min. 
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Potschke and Paul [46] found that in a blend of PA6/SAN with a composition ratio of 
30/70, the blend morphology of PA6 droplets dispersed in a SAN matrix changed 
into a co-continuous phase structure on increasing extrusion speed from 40rpm to 
80rpm. They used formic acid (FA) and tetrahydrofuran (THF) to etch the sample to 
observe the co-continuous phase structure (Figure 2. 7). From the image of the 
sample etched with THF, the co-continuous phase can be observed. TEM image 
also showed PA6 and SAN particles dispersed within each other.  
 
Figure 2. 7 Morphology of PA6/SAN = 70/30 blend extruded at 40rpm and injection 
moulding 
 
Compatibilizing agents can reduce the interfacial tension and therefore increase the 
stability of the co-continuous structure [47], [48]. However, the presence of the 
compatibilizer would prevent coalescence of components by stabilisation of the 
structure [49]. Therefore, the compatibilizer has contradictory effects on forming of 
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co-continuous structures. It is difficult to determine the ultimate effect on the co-
continuous phase structure after the incorporation of compatibilizers.  
 
2.4   Poly(Lactic acid) (PLA)  
PLA is a biodegradable thermoplastic. It is synthesized from lactic acid, 
CH3CHOHCOOH, which is the most popular hydroxycarboxylic acid. Lactic acid is a 
natural organic acid that can be derived from fermentation as well as chemical 
synthesis. It is a commonly used hydroxyl acid with an asymmetric carbon atom. 
Thus it has two optically isomeric forms, L (+) and D (-) – isomers (Figure 2. 8). 
 
Figure 2. 8 The structure of Lactide [50] 
 
PLA can exist in three stereochemical forms, which are PDLA (Poly(D-lactic acid)), 
PLLA (Poly(L-lactic acid)) and PDLLA (Poly(D, L-lactic acid). [51] Hydrolysis of 
lactonitrile by strong acids can produce the mixture of D- and L- lactic acids and this 
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approach dominated the chemical synthesis technique. However, people are more 
interested in fermentation not only because it is more environmentally friendly but 
also because this approach produces a required optically pure L – or D – lactic acid 
[52] PLA with a higher optical purity tends to have higher crystallinity because of 
higher chain symmetry. In other words, the degree of crystallinity, as well as other 
important properties, are controlled by the ratio of D to L lactic acid used to 
synthesize PLA.   
In 1954, high-molecular-weight PLA was synthesized by Dupont and ever since 
many companies have started to commercialize PLA. The most popular way to 
synthesize high molecular weight PLA is via ring-opening polymerisation of lactide 
(Figure 2. 9). During the process, lactic acid is synthesized to a low molecular 
weight prepolymer at the first step. Then, a cyclic lactic acid dimer, which is an 
intermediate lactide, is produced by depolymerisation of the prepolymer and this 
intermediate lactide can exist in three stereochemical forms as well (Figure 2. 8). In 
the third step, purified lactide (either L-, D- or DL-) transforms into the corresponding 
high-molecular weight PLA by catalytic ring-opening polymerisation. [50] 
Alternatively, both direct condensation and azeotropic dehydrative condensation can 
be used to obtain high molecular weight PLA. Direct condensation method is the 
least expensive routine but it is always difficult to remove the solvent used in this 
method. On the other hand, the azeotropic dehydrative technique can produce high 
molecular weight PLA without using adjuvants or chain extenders, but it is relatively 
expensive. 
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Figure 2. 9 Technique used to obtain high molecular weight PLA [53] 
 
PLA displays the structure of a polymeric helix with an orthorhombic unit cell. 
Processing temperature, annealing time, the component isomers and molecular 
weight largely affect the properties of PLA. Due to the stereoregularity of the chain, 
optically pure PLA, such as PLLA, is semicrystalline when optical purity is below 
93%, crystallization will not occur [54]. Hence PDLA is an amorphous polymer.  
However, both amorphous and crystalline PLA are brittle at room temperature and in 
many respects, PLA is similar to polystyrene [55]. The density of solid PLLA has 
been reported [56] as 1.25g/cm3. PLLA most commonly used has the crystallinity of 
approximately 37%. 
The glass transition temperature and melting temperature of PLLA are between 50-
60 °C and 173-178 °C, respectively [57]. Previous research [58] shows that Young’s 
modulus of PLA is approximately 3GPa and tensile strength is between 50MPa and 
70MPa. These two properties of PLA are attractive, but the elongation at break is 
only ca.4% and the impact strength is just 2.5kJ/m2.  
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The degradation of PLA depends on many factors: crystallinity, purity, molecular 
weight, temperature, pH, humidity, the presence of terminated carboxyl and additives 
acting as a catalyst [59]. Generally, amorphous PLA is more susceptible to degrade 
than crystalline PLA. PLA with low molecular weight can easily degrade regardless 
of stereoregularity. Jarerat and Tokiwa [60] found that the degradation of PLA was 
significantly increased by adding 0.1% (w/v) gelatin into the system. They believed 
that this is because gelatin improves the capability of the enzyme to degrade PLA. 
However, one of the drawbacks of PLA is that it tends to undergo thermal 
degradation during processing and thermal hydrolysis may cause this thermal 
degradation because of the ability to absorb moisture. Oxidation was also proven by 
Gutpa and Deshmukh [61] as one mechanism that contributes to the thermal 
degradation of PLA. Thermal hydrolysis leads to main chain scission, zipper-like 
depolymerisation, hydrolysis or intra- and intermolecular ester exchange (when 
Temperature > 200 °C) [62]. For depolymerisation, Zhang et al. [63] found that the 
backbiting mechanism takes place in the presence of stannous octoate.  
 
2.4.1 Modification of PLA  
The most common ways to modify PLA performance are blending, incorporation of 
nanofillers, plasticization and orientation. Orienting PLA by drawing or biaxial 
stretching can effectively increase tensile strength, elongation at break and tensile 
modulus. Plasticizers such as PEG are used to increase the elasticity of PLA 
significantly, but it dramatically decreases the tensile strength and modulus [58]. The 
modification methods of blending and nanocomposite formation will be illustrated in 
detail.  
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2.4.2  PLA nanocomposites 
Polymer nanocomposites are defined as those composites containing fillers which 
have at least one dimension in the nano-scale range (<100nm). Nano-fillers can 
enhance many properties of multifunctional polymer composites such as thermal, 
mechanical, optical, electrical or magnetic properties [64].  In general, there are three 
types of nano-fillers [65]. As shown in Figure 2. 10, the first group is plate-like nano-
fillers with one dimension in the nanoscale range, but generally with an aspect ratio 
of the other two dimensions of at least 25. A typical example is layered silicates. The 
second group is whiskers or nano-fibres with a diameter below 100nm and an aspect 
ratio of at least 100. A typical example is carbon nanotubes. The third group is 
nanoparticles with all three dimensions below 100nm. Typical examples are silica 
particles and metal oxides. For fibres and nanoparticles, the surface area per unit 
volume has an inverse relationship with filler’s diameter: the larger the diameter, the 
smaller the surface area per unit volume. For plate-like filler and fibres, the 
surface/volume ratio is dominated by the thickness (t) or diameter (r), respectively 
while the second term (l) does not have a significant influence on surface area per 
unit volume.  
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Figure 2. 10 Geometries for three types of nanofillers [66] 
 
In general, there are four main methods to prepare polymeric nanocomposites [64]:  
(a) Solution method: polymers and nanofillers both dissolve in solvent and nano-
composites are obtained by evaporation of solvent or precipitation.  
(b) Melt-mixing: polymer melt is mixed with nanofillers in processing equipment 
such as Haake mixer or extrusion. 
(c) In situ polymerisation: nanofillers are firstly dispersed in monomer melt or 
monomer solution and then monomers polymerize within nanofillers. 
(d) Template synthesis:  nanofillers are synthesized from precursor solution 
based on the template of polymers. 
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Clay-based nanofillers are normally aluminosilicate based. 2:1 layered silicates (also 
called 2:1 phyllosilicates) such as saponite and montmorillonite (MMT). They have 
been widely used as nano-fillers because of their low cost and good processibility. 
Clay contains the layered structure and these layers consist of tetrahedral sheets 
and octahedral sheets (Figure 2. 11).  
The tetrahedral sheet is formed by silicon atom surrounded by four oxygen atoms 
while the octahedral sheet is constituted by aluminium magnesium surrounded by 
eight oxygen atoms. The octahedral sheets and tetrahedral sheets are bonded 
together via sharing the oxygen atoms while those unshared oxygen atoms are in 
hydroxyl form [66]. Every single layer of phyllosilicates is made of one octahedral 
sheet sandwiched between two tetrahedral sheets (2:1) and the total thickness of 
one single layer is around 0.94 nm. When aluminium takes the place of silicon in 
tetrahedral sheets, the 2:1 structure is called mica. Divalent magnesium or ion cation 
can partially substitute the trivalent aluminium cations, resulting in a smectite clay 
group. The negative charges created by this type of substitution are counterbalanced 
by Na+, K+, Li+ or Ca2+ which are present in the interlayer, also called the gallery. The 
d-spacing or basal spacing is the thickness of the repeating unit (one layer plus one 
gallery), which can be determined by XRD [67]. 
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Figure 2. 11 The 2:1 layered structure of clay [68] 
The clay layers are held together by the relatively weak electrostatic and van der 
Waals forces so the gallery distances vary depending on gallery cation radius, the 
charge density of the layers and degree of hydration. The aspect ratio of clay 
depends on its lateral dimensions and its ability to disperse into separated layers. 
However, the internal forces for agglomeration of individual layers are increased by 
increasing internal surface in a well-dispersed structure, resulting in aggregates of 
clay layers. Primary particles are made by several layers aggregating together with a 
thickness of around 10nm and micro-aggregates are made by several primary 
particles laterally joining together. Randomly joining of micro-aggregates and primary 
particles make aggregates, and associations are formed by aggregates staying near 
to each other [68].  
54 
 
The cationic exchange capacity (CEC) and a specific surface (m2/g) (SS) are two 
parameters that significantly affect the properties of clay layers. CEC is defined as 
the number of monovalent countercations in the interlayer surface area while SS 
corresponds to the sum of external of clay per unit of mass[66].  
MMT is well known for its high surface area, reactivity and availability. In a well-
dispersed state, the aspect ratio of MMT can be up to 1000 and the surface area can 
be around 750m2/g. For MMT, the chemical formula is Mx(Al4-xMgx)Si8O20(OH)4, the 
interlayer distance is around 1nm, the CEC is around 110 mequiv/100g, and the 
particle length is in the range of 100-150nm [69]. Clay swelling is caused by 
hydration of cations present in the interlayer. Since most polymers such as PLA are 
hydrophobic, swelling capacity makes MMT very hydrophilic resulting in a poorly 
dispersed MMT in the polymer matrix [70]. Therefore, it is essential to modify the 
clay layers with hydrophobic agents, and this modification process can be achieved 
via cation exchange. The surface modification decreases the surface energy of clay 
layers and changes their surface polarity to match the polymer polarity. In addition, in 
order to increase hydrophobicity and surface modification, the insertion of 
alkylammonium or alkyl phosphonium cations into interlayers can expand the gallery 
spacing and provide functional groups which can interact with polymer chains [71]. 
Figure 2. 12 shows a modification of clay layers using organic cations through the 
ion exchange process.  
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Figure 2. 12 Modification of clay layers by organic cations [68] 
 
According to the level of dispersion of clay layers in the polymer matrix, the 
structures of the polymer/clay composites can be divided into three groups: phase-
separated structure, intercalated and exfoliated (Figure 2. 13). Phase separated 
structure usually occurs when using unmodified clay to mix with polymers, because 
the polymer is unlikely to be able to intercalate within the clay layers and hence the 
clay layers tend to stack together to form aggregates. The properties of this micro-
composite structure are hardly improved and sometimes even decreased. The 
intercalated structure is formed when the polymer chains are inserted into the 
galleries and cause expansion of the gallery spacing, but the periodic array still 
exists. Polymer chains in the galleries lead to a decrease in electrostatic forces 
between layers, but the clay is not totally dispersed. Exfoliation is achieved by a 
complete dispersion of clay layers within the polymer matrix. Due to exfoliation, high 
aspect ratio and large surface interaction are achieved. Hence the properties of the 
composites are significantly improved, and lower clay content is required [72]. 
56 
 
However, it is challenging to achieve a fully exfoliated structure and usually a mixture 
of exfoliation and intercalation is achieved. 
 
Figure 2. 13 Three structures of clay/polymer composites [73]  
 
Transmission electron microscopy (TEM) is a very useful method to determine the 
dispersion of the nano-fillers in the matrix. Figure 2. 14 shows typical TEM 
micrographs referring to three possible structures of clay in the polymer matrix. The 
black lines are the cross-section of the clay layers. Image (a) shows many individual 
clay layers uniformly dispersed in the polymer matrix; image (b) shows a well 
ordered multi-layer microstructure, which is made of polymer chains and clay layers; 
image (c) shows thick filler tactoids, but among those tactoids, some intercalated 
structure can also be seen.  
57 
 
 
Figure 2. 14 TEM images of three structures of clay/polymer composites (a: 
exfoliation, b: intercalation and c: phase-separated structure) [70] 
 
PLA is mainly used as a packaging thermoplastic, but the main concern about PLA is 
the high cost of this polymer including the price of the raw materials and the cost of 
the fermentation process. Besides, the performance of PLA is not as good as 
conventional polymers. The moisture barrier property is weak because the ester 
bonds in PLA tend to absorb water. The inherent brittleness of PLA has restricted 
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PLA from commercial use and many approaches have been tried to improve the 
toughness of PLA, such as blending with more robust polymers, plasticization, block 
copolymer and rubber toughening. Limited gas barrier property also prevents PLA 
complete access to commercial use. 
Kiersnowski [74]  has found that this drawback could be overcome by adding nano-
fillers. However, the clay layers were not well dispersed but formed tactoids. Ogata 
[75] used solvent casting to mix PLA with organophilic clay in chloroform and found 
that Young’s modulus and crystallization ability were enhanced. Duan and Thomas 
[76] melt blended PLA with clay and observed intercalation structure under TEM and 
WAXD. They found the water vapour transmission rate of the composites decreased 
from  180 (gm-mil/[m2-day]) to 100 (gm-mil/[m2-day]) with increasing clay contents 
from from 0wt% to 6wt%. 
Sinha Ray [77] et al. also found similar improvements in PLA/clay nanocomposites 
by using melt extrusion to mix the clay and PLA.  In a later paper [69], he combined 
a series of relevant work and his results to compare the mechanical properties and 
gas barrier properties between neat PLA and PLA/MMT nanocomposites as shown 
in  Table 2. 1.  
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Table 2. 1 Comparison of neat PLA and PLA/MMT nanocomposites [69] 
Properties PLA 
PLA/MMT (5wt%) 
nanocomposites 
Storage modulus (GPa; 25°C) 1.63 2.32 
Flexural modulus 4.8 5.5 
Flexural strength 86 134 
HDT (°C) 76.2 94 
O2 permeability coefficient 
(mL*mm/(m2*day*MPa)) 
200 177 
 
2.4.3 PLA blends 
Blending has dominated the most amount of research work about modification of 
PLA. Blending is not the same as the incorporation of plasticizers because usually 
the second polymer component is immiscible with PLA.  Generally, PLA blends can 
be divided into two categories: PLA blends with other biodegradable/renewable 
polymers and PLA blends with non-biodegradable polymers.   
Blends of PLA with biodegradable polymers occupy a more substantial portion of the 
literature. Polycaprolactone (PCL) is a biodegradable polyester and it is ductile with 
an elongation at break up to 600% because of its low Tg. This characteristic makes 
PCL very suitable to toughen PLA. However, Broz [78] and Tsuji [79] both blended 
PLA with PCL and did not find significant improvements in mechanical properties. 
That is because PLA and PCL are not miscible. Varpomaa [80] tried to improve the 
compatibility of PLA and PCL by adding block copolymer as a compatibilizer and 
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significant improvements of elongation at break and notched Charpy impact strength 
were observed.  
Besides PCL, the blends of PLA with other biodegradable polymers have also been 
studied. Polyhydroxyalkanoates (PHAs) are polyesters produced by a microbial 
process. PHAs share the renewable origins and biodegradability of PLA, so blends 
of PLA and PHAs are attractive because this blended system could form 
environmentally sustainable composites. Poly[(R)-3-hydroxybutyrate] (PHB) is the 
simplest and most commonly used in the PHA group. Zhang and Thomas [81] 
blended PLA with PHB and found that even though PLA/PHB 75/25 was not miscible, 
FTIR and WAXD both determined a molecular interaction between PLA and PHB in 
the blend. This molecular interaction helps PHB to improve the thermal stability and 
mechanical properties of PLA. Besides, the crystallization and degradation rate of 
PLA were increased by blending with PHB. Yoon et al. [82] used solvent casting to 
produce PLA-PHB blends with and without compatibilizers, which were poly(vinyl 
acetate) and PEG-b-PLA block polymers. They determined that for all the blends that 
contain compatibilizer, the elongation at break and toughness were largely improved 
compared with those without compatibilizers.  
Many people have tried to blend starch with PLA since starch is cheap and 
completely biodegradable. Park et al. [83] reported that the crystallization rate and 
the enthalpies of both crystallization and melting of PLA were increased when the 
starch content was above 5% and they thought this was because starch acted as a 
nucleating agent in the PLA blend. Even though PLA is not very compatible with 
starch, Carlson et al. [84] found maleated PLA displayed an interfacial adhesion with 
starch. Ke and Sun [85] added poly (vinyl alcohol), PVOH, into starch before adding 
starch to PLA because PVOH is compatible with PLA. The results showed that 
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tensile strength of PLA/starch blend increased as the concentration of PVOH 
increased up to 40% and decreased if the molecular weight of PVOH increased. 
Blends of PLA with other biodegradable polymers such as PBS, PBAT and PHA will 
be reviewed in the following section.  
Blends of PLA with non-biodegradable polymers have not attracted much attention 
but there are still a few papers reported. Low molecular weight poly(ethylene oxide) 
(PEO) is used as a plasticizer for PLA while high molecular weight PEO is immiscible 
with PLA at a high level of incorporation. Kim et al. [86] produced the PLA-PEO 
blends and found with the incorporation of 40 wt% PEO, the elongation at break was 
increased to 280% compared with neat PLA. In addition to that, the elongation at 
break increased further to 410% if poly(vinyl acetate) (PVAc) was added in as 
compatibilizer since PVAc is miscible with both PLA and PEO.  
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2.5    Poly(butylene succinate)  
Poly(butylene succinate) (PBS), also named poly(tetramethylene succinate), belongs 
to the synthetic aliphatic polyester group. Because of its excellent mechanical 
properties, good biodegradability and easy processibility, PBS has attracted much 
attention in recent years. However, there are very few research papers on PBS. The 
chemical structure of PBS is shown in Figure 2. 15. 
 
Figure 2. 15 The chemical structure of PBS 
 
Synthesis of PBS contains two steps (Figure 2. 16): the first step is esterification of 
succinic acid and 1,4-butanediol (BDO) to form oligomers and the second step is 
through polycondensation of the oligomers to obtain high molecular weight PBS [87]. 
 
Figure 2. 16 Synthesis steps of PBS [87] 
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Many researchers have tried to modify the synthesis of PBS. Jacquel et al. [88] 
investigated the effect of different catalysts on the efficiency of the esterification 
stage and they found that the presence of hydroxyl acids was able to improve the 
catalytic effect of oxides on the esterification of PBS.  High molecular weight PBS 
was produced through a coupling reaction by a chain extender, hexamethylene 
diisocyanate (OCN-C6H12-NCO) [89]. This type of high molecular weight PBS 
contains urethane moieties and terminal hydroxyl groups as shown in Figure 2. 17. 
 
Figure 2. 17 Chemical structure of high molecular weight PBS obtained by chain 
extension [89] 
Succinic acid is a prevalent chemical which is bio-derived from sugars and was 
commonly produced by catalytic hydrogenation of maleic anhydride or maleic acid, 
but petrochemical succinic acid produced by this method lacks renewability. 
Therefore, bio-succinate derived from fermentation of starch or oligosaccharides has 
attracted much interest. For BDO, the conventional synthesis method is from 
petrochemical feedstocks. However, Genomic (a San Diego-based company) has 
recently announced a technique of direct fermentation of BDO from sugar. [90]  
There are quite a lot of papers about the modification of PBS copolymers, but very 
few are about PBS itself.  
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PBS is a highly crystalline polyester with a melting point of around 112-116 °C, HDT 
(heat distortion temperature) of 97°C and glass transition temperature of about -38°C. 
The mechanical properties of PBS are similar to those of polyolefins especially 
polyethene. PBS is a typical soft and ductile material due to its low glass transition 
temperature. Compared with PLA, PBS can be efficiently processed at a relatively 
low cost. Kanemura et al. [91] determined an outstanding character of PBS is that 
the mechanical properties of PBS were improved after reprocessing which is not 
possessed by other biodegradable polymers such as PLA. Nakashima et al. [92] also 
found that even after the fifth cycle of reprocessing, no significant decrease in 
mechanical properties of PBS was observed. If the degradation of PBS was under 
non-hydrolysis conditions, the characteristics of PBS could be recovered by 
reprocessing.  
‘BIONOLLE’ is the trademark for biodegradable aliphatic polyesters such as PBS 
(#1000 series). BIONOLLE is supplied as dry pellet form and can be processed on 
polyolefin processing machines such as injection moulding, blow moulding and 
extrusion, at a temperature around 160 – 200 °C.[93]  
The crystallinity of PBS is relatively high due to its regular structure. Ihn et al. [94] 
used TEM and XRD to determine the spherulitic structure of PBS. They found PBS 
single crystals displayed shapes that were terrace-like and leaf-like depending on 
growth temperature. In addition, the lamellar thickness of the repeat units increased 
with increasing the crystallization temperature. The melting behaviour of PBS was 
investigated by Qiu [95] and Yasuniwa [96]. They both found double melting 
endotherm peaks for PBS under DSC heating. Qiu [95] reported that the two 
endotherm peaks were caused by melting and recrystallization – melting 
mechanisms. As shown in Figure 2. 18, the melting peak was decreased by 
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increasing cooling rate and the recrystallization – melting peak was increased with 
the higher cooling rate. Yasuniwa [96] also determined that the recrystallization – 
melting peak decreased with increasing molecular weight whereas the melting peak 
increased. It was suggested that the recrystallization rate decreases with increasing 
molecular weight. They deduced that the molecular weight dependence of the 
melting mechanism of PBS is similar to that of polyethene.  
 
Figure 2. 18 DSC heating traces of different cooling rate and the heating rate is 
20°C/min[95] 
Later on, Wang et al. [97] determined multiple melting behaviours of PBS by DSC 
with a constant heating rate of 10°C/min(Figure 2. 19). PBS displayed four melting 
endotherm peaks in their DSC traces: Peak 1 relates to the melting of crystallites 
formed by recrystallization; Peak 2 and Peak 3 are ascribed to the melting of crystals 
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which both had the same crystal modification and crystallized simultaneously at the 
same crystallization temperature, but have different thermal stability; Peak 4 is the 
annealing peak which is ascribed to the transition of the rigid amorphous fraction 
from solid-like state to liquid-like state. When the crystallization temperature was 
increased above 93°C, Peak 1 and the recrystallization exothermic peak both 
disappeared. They believed that the crystals formed above that temperature (93°C) 
was stable enough and recrystallization behaviour during heating was difficult. Yoo 
et al. [98] also found similar results by changing the DSC heating rate.  
 
Figure 2. 19 DSC heating traces of PBS samples crystallized at different 
temperatures. (The heating rate is 10°C/min and dashed lines indicate four melting 
peaks.) [97] 
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The biodegradation behaviour of PBS depends on polymer morphology such as 
crystallinity, size, form and number of crystallites. It also depends on polymer 
structures such as flexibility of chains, hydrophilicity and stereochemistry. Cho et al. 
[99] found that the annealed PBS with a higher crystallinity displayed a lower 
biodegradation rate compared with quenched samples. It indicated that hydrolytic 
degradation occurs in the amorphous region of PBS. In addition to that, even with 
the same crystallinity, PBS containing spherulites of less densely packed fibrils 
displayed a higher degradation rate than that of a melt-quenched sample. Zhao et al. 
[100] determined three stages of PBS biodegradation under controlled conditions. 
Biodegradation was slow in the first stage, accelerated in the second stage and 
levelled-off in the final stage. They also found PBS in powder form showed the best 
biodegradability because of its high surface area, followed by film and granule forms.  
Rizzarelli and Carroccio [101] investigated the thermal and thermo-oxidative 
degradation process of PBS. In their research, α-H abstraction mechanism followed 
by chain scission behaviour was the primary process for thermo-oxidative 
degradation, which produced PBS oligomers with different end groups. For thermal 
degradation process, the decomposition pathway occurred through a β-hydrogen-
transfer mechanism, which was followed by formation of succinic anhydride via a 
back-biting process.  
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2.5.1   Modification of PBS 
PBS is a promising biodegradable polyester, and its properties are similar to those of 
polyethene. Commercial applications of PBS have been limited because of its 
disadvantages, such as low modulus and poor water barrier properties. Therefore, 
modifying PBS to increase its strength and water barrier properties for packing 
application is essential. [87]  
2.5.2  PBS nanocomposites 
Nano-fillers can improve the properties of PBS. PBS nanocomposites are produced 
by adding nanofillers into the PBS matrix, resulting in materials with improved 
mechanical properties and preservation of biodegradability (sometimes even 
improved). Thus, eco-friendly materials with useful properties can be produced by 
this method.   
Sinha Ray [89] first reported the relationship between structure and properties of 
PBS/clay nanocomposites produced by melt extrusion. He determined that all the 
PBS/clay nanocomposites displayed improvements in mechanical properties in both 
liquid and solid state compared with the pure PBS matrix. One year later, Sinha Ray 
et al. [102] used two types of organo-clay to produce PBS nanocomposites. One is 
MMT modified by octadecyl ammonium chloride and the other one is saponite 
modified by quaternary hexadecyl tri-n-butylphosphonium bromide. The results of 
TEM and WAXD showed two types of clay both displayed good dispersion in PBS 
matrix and the microstructure of PBS nanocomposites was directly related to clay 
type, the surfactant used to modify the clay and the clay concentration. They also 
found in the case of MMT clay, when the loading was higher than 3.3 wt%, high 
flocculation of stacked clay particles would occur, resulting in poor dispersion and 
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poor properties. In 2005, Sinha Ray et al. [103] investigated the gas barrier 
properties of PBS nanocomposites prepared by a twin-screw extruder with different 
MMT compositions. The gas permeability coefficient was decreased from 90 (Unit: 
mL*mm/(m2*day*MPa))  to 60 with MMT content increasing from 0wt% to 5.4wt%.  
Chen and Kim [104] tried to improve the interaction between the clay surface and 
PBS polymer chains. They used epoxy groups to graft to C25A organoclay by 
Glycidoxypropyl triethoxysilane to prepare TFC (twice functionalized organoclay). 
They found the nucleating effect of TFC was more efficient than that of C25A. The 
epoxy groups on the clay surface were essential for improving exfoliation of the clay 
as can be seen by TEM images (Figure 2. 20). Exfoliation structure can easily be 
seen in PBS/TFC nanocomposites while intercalated clay tactoids dominated the 
structure of PBS nanocomposites. The mechanical properties of PBS were largely 
improved by compounding with TFC, for example, the tensile modulus increased 
from 326.3 MPa to 671.2 MPa. Okamoto [105] used twice functionalized ammonium 
salt modified MMT and observed similar improvement of PBS nanocomposites. 
 
Figure 2. 20 TEM images of PBS nanocomposites: (a) with TFC; (b) with C25A[104] 
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Thermal stability is also crucial for PBS from a processing point of view. However, 
according to Makhatha [106] and Phua [107], the incorporation of organic MMT did 
not significantly improve the thermal stability. The heat distortion temperature only 
increased about 3 °C when clay content was up to 10 wt%. One strange result 
determined by Phua [107] is that the moisture uptake was increased by incorporation 
of Organo-MMT (OMMT) and they suggested it was because of the hydrophilic 
nature of OMMT. However, OMMT is modified from hydrophilic to hydrophobic by 
the organic surfactant. Later on, Phua [108] determined the effect of orientation on 
mechanical and structural properties of PBS/OMMT nanocomposites by uniaxial cold 
rolling. They found that in the machine direction (MD), under the condition of the 
highest compression ratio (2.5), the tensile strength was increased by 196% while 
elongation at break improved up to 1000%. However, tensile strength decreased as 
compression ratio increased along the transverse direction (TD). They deduced that 
PBS is a thermoplastic whose properties largely depend on molecular chain 
alignment. They also found that cold rolling destroyed the crystalline regions, thus 
reducing crystallinity. 
Besides OMMT, other fillers have also been used to improve the performance of 
PBS. Shin et al. [109] and Song & Qiu [110] investigated the effect of multi-walled 
carbon nanotubes (MWCN) on the properties of PBS.  Shin [109] found MWCN was 
well dispersed in the PBS matrix and with the incorporation of 3 wt% C18-modified 
MWCN (CNT-C18), the heat degradation temperature of the composites was 
increased 12.3 °C. The increments in storage modulus and loss modulus of the 
nanocomposites were 120% and 55%, respectively. Besides, with the addition of 
CNT-C18, the anti-static efficiency of the composites was largely increased, so 
PBS/CNT-C18 nanocomposites can be potentially used as electronic packaging 
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materials. Song & Qiu [110] found the presence of MWCN could act as 
heterogeneous nucleating agent and improved the rate of both nonisothermal and 
isothermal crystallization in the nanocomposites. Wang et al. [111] prepared 
graphene nano-sheet (GNS) reinforced PBS nanocomposites via a solution-based 
processing method and homogeneous distribution of GNS was achieved. They found 
with the addition of 2 wt% GNS, the tensile strength and storage modulus was 
increased by 21% and 24%, respectively. Bian et al. [112] and Han et al. [113] both 
investigated the properties of PBS/silica nanocomposites. They found silica has a 
strong interaction with PBS, resulting in good mechanical properties. Besides, silica 
had a good nucleating effect on PBS. Other common fillers such as ZnAl layered 
double hydroxides [114] and talc [115] have been tried to improve PBS performance, 
but nano-range could not be achieved by those fillers and the properties were not 
significantly improved. Some researchers tried bio-based fillers such as Cotton fibre 
[116], Kenaf fibre [117], bio-flour [118] and cellulose [119], [120] because, in this way, 
the composites will be fully environmentally friendly. However, the improvement was 
insignificant and sometimes, the mechanical properties even got worse.  
2.5.3  Blending of PBS  
The blending of PBS with certain polymers is an efficient and economical way to 
improve the performance of PBS. Miscibility of PBS blends has been widely 
investigated.  PBS was found to be miscible with poly(vinylidene fluoride), 
poly(vinylidene chloride-co-vinyl chloride) and poly(ethylene oxide) (PEO) [121], 
[122]. Blends of two crystalline polymers have received less attention than blends of 
fully amorphous or amorphous/crystalline materials. It is more challenging and also 
complicated to study the miscibility behaviour of two crystalline polymer blends. 
According literature research, PEO is currently the only crystalline bio-plastic that is 
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fully miscible with PBS. Back in 1999, Kim and Park [123] blended PBS with 
poly(butylene terephthalate), which is also crystalline. However, the blend that they 
produced did not display good mechanical properties and biodegradability because 
these two materials are immiscible.  
2.5.4  Blending PBS with PLA 
Among biodegradable polymers, PLA has proven to be the most attractive and 
useful. However, PLA has certain disadvantages such as poor heat stability, 
brittleness and low degree of crystallinity. As discussed in Section 2.3, to improve 
the performance of PLA, numerous biodegradable polymers have been blended with 
it. Among those polymers, PBS is thought to be suitable because of its softness, 
commercial availability, easy processability and good thermal and chemical 
resistance [10]. 
However, the study of miscibility between PLA and PBS is not always clear. Park et 
al. [124] first reported that according to their DSC results and the theory of Flory-
Huggins, they found the Flory Huggins interaction parameter of PLA and PBS 
showed a negative value, -0.15, which means PLA and PBS were fully miscible. 
Later on, Chen et al. [125] and Bhatia et al. [126] both determined that PLA can only 
be miscible with PBS as long as PBS is below 20wt%. Bhatia et al. also found no 
improvement in the ductility (strain-to-break) of PLA/PBS blends until the PBS 
content had reached 90 wt%. A similar result was reported by Lee and Lee [127], 
who investigated blends of PLA with poly(butylene succinate adipate) (PBSA). 
However, these authors did find a significant improvement in impact strength on the 
addition of 10–20 wt% PBSA but at higher PBSA concentrations impact values 
dropped down to those of PLA until 100% PBSA was reached.  
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In 2012, Wu et al. [128] again confirmed the fact PBS is not fully miscible with PLA 
by investigating PLA/PBS blends at various ratios. As shown in Figure 2. 21, they 
used optical microscopy to determine the phase behaviour of PBS/PLA blends. 
Obvious phase separation was determined in these images and with increasing PBS 
content, the small spherical PBS phases started to percolate. When PBS/PLA 
composition was 50/50, the separated PBS phase finally formed a co-continuous 
morphology in PLA matrix. When the composition became 60/40, PBS phase was 
fully continuous and PLA was now dispersed in PBS continuous phases. They also 
reported PBS significantly affected the melting behaviour and cold crystallization 
behaviour of PLA while PLA had no such effect on PBS.  
Figure 2. 21 Optical microscopy for PBS/PLA blends with different compositions 
(PBS/PLA: 30/70; 40/60; 50/50; 60/40) [128] 
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The co-continuous phase of PBS/PLA blends was also studied by Homklin and 
Hongsriphan [129], and they determined the effect of a nucleating agent (nano-sized 
calcium carbonate and sodium benzoate) on phase morphology of the blends. 
However, the modification effect was not significant. They also reported that the co-
continuous phase of PBS/PLA (normally 50/50) provided the highest tensile strength 
and elongation at break regardless of the interfacial adhesion between PBS-PLA 
phases. Yokohara and Yamaguchi [130] estimated the interfacial tension of the 
immiscible PBS/PLA blend system to be 3.5 mN/m.  
Hassan et al. [131] studied the dynamical mechanical and thermal stability properties 
of PLA/PBS blends with various compositions. TGA results (Figure 2. 22 (a)) had 
demonstrated that PBS was more thermally stable than PLA and the thermal stability 
of PLA/PBS blends was increased by increasing PBS content. The initial 
decomposition temperatures of PBS and PLA were 396 °C and 375 °C, respectively. 
DSC results showed the Tg1 of the blends were slightly higher than neat PBS while 
the Tg2 was shifted to a lower temperature with a small difference of around 3°C. 
This result indicated that PBS and PLA were partially miscible. They also determined 
the crystallinity by the equation shown below[131]:  
𝑋𝑋𝐶𝐶% = �∆𝐻𝐻𝑚𝑚 − ∆𝐻𝐻𝑐𝑐∆𝐻𝐻0𝑚𝑚 � × 100%                             (2.12) 
(∆𝐻𝐻𝑚𝑚 is the experimental melting enthalpy (J/g); ∆𝐻𝐻0𝑚𝑚 is the melting enthalpy for 100% 
crystalline polymer; ∆𝐻𝐻𝑐𝑐  is the enthalpy (J/g) for cold crystallization. According to 
Literature: ∆𝐻𝐻0𝑚𝑚 of PBS and PLA are 110.3J/g and 93.7 J/g, respectively) 
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Figure 2. 22 TGA traces (a) and DSC traces (b) of all PLA/PBS blends with various 
compositions [131] 
They reported that with increasing PBS content, the degree of crystallinity of the 
blend first increased about 8% due to nucleating effect of PBS, and then decreased. 
Conversely, the degree of crystallinity decreased with increasing content of PLA and 
they thought that was because of the slow movement of PLA chains with high Tg.  
DMA results showed that the storage modulus of all the blends was lower than neat 
PLA and that was due to the increase of chain mobility by adding in PBS. As a result, 
the incorporation of PBS enhanced ductility but reduced stiffness. [132]  
Zhou et al. [133] studied the biodegradation behaviour of a PLA/PBS blend system. 
They incubated the blends in simulated body fluid at 37 °C and found the 
degradation behaviour of both blends and neat polymers. They both displayed a 
plateau and a subsequent rise stage in water absorption and mass loss. The 
hydrolysis rate of both blends and neat polymers showed a slow-to-fast transition. 
They explained that this behaviour is due to water infusion at the interface between 
the PBS and PLA, which led to faster degradation in the slow stage. They also found 
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PLA-rich blend absorbed more water than PBS-rich blends, which indicated that PLA 
has a higher hydrolysis rate.  
Some research has been done to improve the miscibility or compatibility of PLA/PBS 
blends. Chuai et al. [134] added graft polymers of PLA and PBS, which were PLA-g-
GMA and PBS-g-GMA (GMA: glycidyl methacrylate), in PLA/PBS blend to improve 
the miscibility. They found compared with PBS/PLA blend, the mechanical properties 
of PLA/PLA-g-GMA/PBS and PLA/PBS-g-GMA/PBS blends were improved as 
shown in Table 2. 2. Although tensile strength decreased a little by adding PLA-g-
GMA, the elongation-at-break of PLA/PLA-g-GMA/PBS was increased to 99.35%.  
Shibata et al. [135], [136] blended PLA with PBS and PBSL (poly(butylene 
succinate-co-L-lactate), and they found that the miscibility of PLA/PBS and 
PLA/PBSL was little different. However, the values of elongation at break of all the 
blends were higher than pure PBS, PBSL and PLA because the PLA/PBS (PBSL) 
blends were finely dispersed.  
 
Table 2. 2 Mechanical properties of neat PLA, PLA/PBS blend and PLA/PBS blend 
containing graft polymers [134] 
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Park et al. [137] compared the compatibility between PLA/PBS and PLA/PBS 
Ionomer (PBSi) blends. From their SEM results and the Flory-Huggins interaction 
parameter that they had calculated, they found PBSi improved the compatibility with 
PLA compared to that of PLA/PBS blends. That is to say, the abundant ion groups in 
the PBSi backbones increased the compatibility with PLA. Besides, the addition of 
PBS and PBSi both increased the crystallization rate in the blends, but the 
crystallization rate of PLA/PBSi 20 wt% blends was the highest among all the blends.  
Harada et al. [138] used lysine triisocyanate (LTI) as a reactive processing agent to 
improve the compatibility of PLA/PBS blend They found that the impact strength of 
PLA/PBS (90/10 wt%) was increased from 18 kJ/m2 to 50-70 kJ/m2 when LTI content 
was 0.5 wt%. Wang et al. [139] prepared PLA/PBS blends in the presence of dicumyl 
peroxide (DCP). The notched Izod impact strength of PLA/PBS (80/20 wt%) was 
significantly increased up to 30 KJ/m2 at 0.1 phr DCP content compared with neat 
PBS/PLA blend with an impact strength of 3.7KJ/m2, but the strength and modulus 
were slightly decreased with increasing DCP content. They deduced the 
improvement was because the incorporation of DCP resulted in a finer dispersion of 
PBS particles and better interfacial adhesion between the PLA and PBS. They also 
reported that in the blends, PBS acted as a nucleating agent and accelerated the 
crystallization rate of PLA, but had almost no effect on PLA final degree of 
crystallinity.   
2.5.5  PLA/PBS nanocomposites 
A few studies have reported compounding PLA/PBS blend with nanofillers to make 
PLA/PBS nanocomposites. All of those nanofillers are clay based. In 2005, Chen 
and Yoon [140] produced PLA/PBS nanocomposites with Cloisite 25A and twice-
functionalised organoclay (TFC), which was produced by treating Cloisite 25A with 
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(glycidoxypropyl) trimethoxysilane. Because TFC contained more functional groups 
that could react with the polymer matrix resulting in an increased interfacial 
interaction, TFC showed a higher degree of dispersion compared with Cloisite 25A 
filled nanocomposites as shown in Figure 2. 23. As a result of good dispersion, TFC 
filled nanocomposites showed higher tensile modulus and elongation at break, for 
instance, when TFC content was 10 wt%, the tensile modulus and elongation at 
break of PLLA/PBS/TFC composites were 1990MPa and 118%, respectively. They 
believed that was because the interfacial interaction between TFC and PLLA/PBS 
was stronger than that between Cloisite 25A and PLLA/PBS. Besides, through 
thermal analysis, they also found both initial degradation temperature and activation 
energy of nanocomposites containing TFC were superior to those containing Cloisite 
25A, and they thought that was because exfoliated silicate layers were more 
thermally stable than intercalated silicate layers. 
 
Figure 2. 23 TEM images for PBS/PLA nanocomposites: (a) with 5 wt% Cloisite 25A; 
(b) with 5 wt% TFC[140] 
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In 2009, Bhatia et al. [141] produced PBS/PLA/Clay (Cloisite 30B) nanocomposites 
with various clay loadings to investigate the rheological and thermal properties of 
those biodegradable nanocomposites. They reported that the viscoelastic behaviour 
did not change much at a low content of clay, while high clay content (clay content > 
3 wt%) significantly improved the viscoelastic behaviour. The liquid-like behaviour of 
the composites gradually became pseudo-solid-like as the loading of clay increased 
and the percolation threshold region for PBS/PLA/Cloisite 30B was reported to lie 
somewhere between 3 to 5 wt%. Thermogravimetric analysis showed that the 
composite containing 3 wt% clay, which showed an exfoliated microstructure in the 
TEM image, displayed the highest thermal stability with initial degradation 
temperature at 355 °C and decomposition activation energy of 3151 KJ/mol. This 
result indicated that the exfoliated structure is more thermally stable than intercalated 
structure. 
In 2012, Ma et al. [142] prepared PBS/PLA/MMT nanocomposites by melt extrusion 
to produce foam products. From their results, the elongation at break was improved 
in the presence of PBS and clay, while tensile strength was slightly decreased 
(Figure 2. 24). Impact strength was not significantly improved by the incorporation of 
MMT as less than 10% increase in impact strength was observed. Intercalation 
microstructure could be detected in TEM images. From the dynamic rheology results, 
they deduced that MMT might play the role of compatibilizer between PLA and PBS 
since the melt strength of PLA was improved by the synergistic effect of PBS and 
MMT.  
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Figure 2. 24 Tensile strength and elongation at break of PLA, PLA/PBS and 
PBS/PLACN3 (PLA/PBS20: PBS content 20 wt%, CN3: 3 wt% modified 
montmorillonite) [142] 
In the same year, Bhatia et al. [143] investigated the gas permeability as well as the 
water vapour permeability of PLA/PBS/Cloisite 30B nanocomposites. They fixed the 
composition of PLA and PBS at 80 wt% and 20 wt% and changed the clay 
concentration from 1 wt% to 10 wt%. They reported the average particle size of 
dispersed PBS phase decreased from 7 μm to 30-40 nm with increasing clay content 
in the blend. They observed significant improvement in gas barrier properties with 
the incorporation of clay especially 5 wt% of clay content while the improvement of 
water barrier properties was modest. 
They suggested that compared with compression moulding method, blown films 
would give better barrier properties because the biaxial orientation of silicate 
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platelets in the matrix can be formed during blown film process and create a long 
tortuosity to improve barrier properties.  
The values of the water vapour transmission rate (WVTR) of different samples are 
shown in Figure 2. 25. It can be seen that WVTR value of PLA is the lowest and with 
the incorporation of PBS in PLA, the WVTR increased which could be due to the 
presence of the impermeable crystallites of PBS. On increasing the clay loading in 
the blend system, WVTR values slightly decreased by 18% when clay content was 
up to 5 wt%. As clay content increased from 5 wt%, aggregates of the clay particles 
may form and retard the improvement of barrier properties.  
 
Figure 2. 25 Water vapour permeability of PLA, PLA/PBS blend and 
PLA/PBS/Cloisite 30B nanocomposites with different clay concentration [143] 
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2.6 Poly(butylene adipate-co-terephthalate) 
Poly(butylene adipate-co-terephthalate) (PBAT) is an aliphatic-aromatic copolyester. 
It is a ductile and biodegradable polymer which also has good processability and 
hydrophilic properties [10]. It is produced by polycondensation between 1,4-
butanediol and a mixture of terephthalic acid and adipic acid. When the 
concentration of terephthalic acid is higher than 35mol%, the PBAT obtained will 
show good mechanical and thermal properties [144]. However, the biodegradation 
rate of PBAT decreases rapidly when the terephthalic acid concentration exceeds 
55mol% [145].  
The glass transition temperature (Tg) of PBAT is about -30℃, which indicates that it 
is very ductile at room temperature. The melting temperature of PBAT is between 
110°C and 120°C [146]. Figure 2. 26 is the molecular structure of PBAT. It contains 
two different co-monomers: one is butylene terephthalate (BT unit), which is derived 
from terephthalic acid and 1,4 butanediol, and the other co-monomer is butylene 
adipate (BA unit), which is ductile and is produced from adipic acid and 1,4 
butanediol [147]. 
 
Figure 2. 26 Molecular structure of PBAT  
 
Even though PBAT is a random copolymer, a certain degree of crystallinity was 
found by Shi et al. [148]. They believed that the BA unit and the BT unit must share a 
common crystal lattice on introducing the soft BA unit into the BT crystal lattice. This 
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crystallization behaviour is defined as mixed-crystallization [149], [150]. The WAXD 
pattern of PBAT and PBT is shown in Figure 2. 27. 
 
 
Figure 2. 27 WAXD patterns of PBAT and PBT[148] 
 
2.6.1 PBAT/PLA blends 
The main limitations of broader industrial and medical applications of PBAT are its 
poor thermal and mechanical resistance that limits its access to some sectors such 
as packaging or bone implants. PBAT can be blended with other polymers to 
enhance their performance [151]. It is regarded as a good candidate for toughening 
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PLA because of its low elastic modulus and high elongation-to-break (>500%), which 
are similar to the performance of a thermoplastic elastomer, and because of its 
complementarity with PLA [152].   
There are a number of interesting studies in the literature reporting on PLA/PBAT 
blends. An important factor that determines the success of melt blending of two 
polymers is their mutual miscibility. In the case of melt blending of two bio-
degradable polyesters, there would be expected to be attractions between polar 
groups leading to stronger interactions and hence some miscibility [27]. Liu et al. 
[153] have reported that the solubility parameters, δ, of poly(L-lactide) (PLLA) and 
PBAT are 19.70 and 19.83 J0.5/cm1.5 respectively. The closeness of these values 
suggests that these two polymers are potentially miscible. In their investigation of 
miscibility by dynamic mechanical analysis (DMA), thermal mechanical analysis 
(TMA), differential scanning calorimetry (DSC) and atomic force microscopy (AFM), 
these authors concluded that the blend with 25% PBAT exhibited the highest 
miscibility. Yeh et al. [154] reported that PBAT molecules are miscible with PLA 
molecules up to 2.5 wt% addition of PBAT but above this amount phase-separated 
droplets can be distinguished. Also phase separated ‘sea-island’ morphologies are 
reported in other studies [155], [156] indicating that miscibility between PLA and 
PBAT is limited (Figure 2. 28). 
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Figure 2. 28 SEM images of PBAT/PLA blends: a) pure PLA; b) 5%PBAT; c) 
10%PBAT; d) 15% PBAT; e) 20% PBAT [155] 
Several papers have reported on mechanical properties, morphology and crystallinity 
of PLA/PBAT blends. Jiang et al. [157], [158] found that elongation-to-break of 
PBAT/PLA blends increased to 100% at an addition level of 5wt% PBAT and to 200% 
at an addition level of 20wt% PBAT. They suggested that PBAT was evenly 
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dispersed in the form of domains with a size of around 300nm within the PLA matrix. 
They attributed the large improvement in ductility to rubber-toughening and a 
debonding-initiated shear yield mechanism.  
Chiu et al. [156] found a two-phase sea-island morphology in PBAT/PLA bends. 
They obtained the best tensile and impact strength in the blend containing a PBAT 
content of 70wt%. Farselti et al. [155] found that elongation-to-break increased from 
3% (pure PLA) to 45% at a PLA/PBAT blend ratio of 80/20, which they attributed to a 
rubber toughening effect because of the small spherical inclusions of PBAT in the 
PLA matrix. They also found an increase in the critical strain energy release rate (GIC) 
with increasing PBAT content, which they ascribed to a debonding effect between 
the phases. Xiao et al. [159] investigated the crystallization behaviour of PLA/PBAT 
blends and found that the crystallinity of PLA was markedly increased in the 
presence of PBAT but that the crystallization mechanism remained unchanged. This 
result is also confirmed by Zhao et al. [160].  
Li et al. [161] observed three distinct morphologies for PBAT/PLA blends in their 
SEM images: spherical droplets (PBAT<20wt%), elongated fibrous structures 
(20wt%<PBAT<50wt%) and a co-continuous structure (50wt%<PBAT<70wt%). 
When the PBAT content reached >70wt%, the morphology reverted to droplets again 
but with PLA now dispersed in a matrix of PBAT. Lu et al. [162] prepared PBAT with 
different viscosity ratio by adding a different concentration of dicumyl peroxide and 
then blended PBAT with PLA. They observed different morphology and mechanical 
properties at the same PLA/PBAT composition ratio but different PBAT viscosity. 
Some researchers also tried to incorporate compatibilizers into PBAT/PLA blends to 
improve the performance. These compatibilizers include clay [163][164], acetyl 
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tributyl citrate [165][166], tetrabutyl titanate (TBT) [167] and epoxy-functional styrene 
acrylic [168]. 
 
2.7 Polyhydroxyalkanoates  
Polyhydroxyalkanoates (PHAs) have attracted much attention as a promising 
biodegradable polymer family due to their advanced properties such as high 
biodegradability in various environments and processing versatility. PHAs are 
biogenic polyesters that can be naturally produced by bacteria from agricultural raw 
materials [1]. PHAs can be used in many applications, including packaging, paper 
coatings, moulded goods, films, adhesives, woven fabrics and performance additives 
[169].  
There are many different types of PHAs because their structure can be controlled by 
adjusting the carbon substrates to obtain desired monomer contents [170]. Therefore 
PHAs have various side chains and fatty acids with hydroxyl groups. In general, 
there are three types of PHA: (1) Short chain length hydroxyalkanoic acids 
containing an alkyl side chain (PHASCL) with a total of 3-5 carbon atoms, for example 
poly-3-hydroxybutyrate (P3HB); (2) Medium chain length hydroxyalkanoic acids 
containing several alkyl side chains (PHAMCL) with a total of 6-14 carbon atoms; (3) 
Long chain length hydroxyalkanoic acids containing more than 14 carbon atoms 
(PHALCL). The structure of some PHAs is shown in Figure 2. 29. 
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Figure 2. 29 Chemical structure of Poly-3-hydroxybutyrate (PH3B), Polyhydroxyvalerate 
(PHV) and Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) [171] 
 
Even though PHAs are a range of polyesters, they share some properties in 
common because their main chain structures are similar. Some general 
characteristics of PHAs can be summarized [171]: (1) Soluble in chloroform but 
insoluble in water and relatively resistant to hydrolytic degradation; (2) Biocompatible 
and nontoxic and therefore are suitable for biological applications; (3) Lower melt 
viscosity than traditional polymers; (4) Poor resistance to acids and bases but good 
ultra-violet resistance; (5) Melting temperature ranging from 160°C to 175°C, glass 
transition temperature around 2°C and crystallinity ranging from 40% to 60%; (6) 
Elongation at break (1% - 15%), Young’s modulus (1GPa – 2GPa) and tensile 
strength (15MPa – 40MPa). 
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2.6.1 PHA/PLA blends 
PHAs and PLA are both bio-derived biodegradable polymers that are most popularly 
studied. They are sometimes described as ‘double green’ because both the raw 
materials and the products obtained are environmentally friendly [172]. Both 
polymers have their own advantages: PLA is tough and cheap, whereas PHA has 
good biodegradability and resistance to temperature and hydrolytic degradation. 
Based on their similar processability and melting temperature, melt blending is a 
suitable method for mixing PHAs and PLA. However, like most polymers blends, 
PLA is generally immiscible with PHAs [173].  
Loureiro et al. [174] have blended PHA with PLA through injection moulding to 
investigate the mechanical properties and thermal properties [175] of the blends. The 
tensile properties of the blends are shown in Table 2. 3. Both maximum stress and 
strain at maximum stress were decreased with increasing PHA contents. They found 
that the elongation-at-break of the blends did not change much compared with brittle 
PLA and PHA, but the impact properties were improved and the best impact 
properties were observed with PHA/PLA of 30/70 composition ratio.  They also found 
that increasing PHA content increases the crystallinity of the blends. 
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Table 2. 3 Tensile properties of PHA/PLA blends [174] 
 
From the PHA family, most researchers chose PHB to blend with PLA. The aim of 
blending PHB with PLA is to give PLA a wider range of physical properties and a 
better processibility [176]. The solubility parameter (Hildebrand parameter, δh) of 
PHB is between 18.5 MPa1/2 and 20.1 MPa1/2 [177] while that of PLA is between 
19.5MPa1/2 and 20.5MPa1/2 [178]. Since their solubility parameters are quite close, 
some degree of miscibility can reasonably be expected. However, miscibility of PHB 
and PLA is also dependent on the molecular weight, processing temperature and 
composition ratio of the two components. 
Koyama and Doi [179] and Ohkoshi [176] have studied the miscibility of PHB/PLA 
blends with PLA of various molecular weights using DSC analysis. They discovered 
that the structure of the blends largely depended on the molecular weight of the PLA 
component because the blends showed a two-phase structure with PLA molecular 
weight over 20,000, whereas PHB and PLA were miscible in the melt when PLA 
molecular weight was below 18,000. Regarding the effect of molecular weight on the 
miscibility of PHB and PLA, Blumm and Oven [180] also observed similar results. 
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Arrieta et al. [178] found that processing temperature had a stronger effect on the 
miscibility of PHB/PLA blends that molecular weight. Zhang et al. [181] reported that 
PHB crystallinity in the blends was influenced by the PLA concentration.  
Both PHB and PLA are brittle polymers, so the mechanical properties of PHB/PLA 
blends are the major concern of blending these two polymers together. The overall 
effects of incorporating PHB in PLA are the increase in Young’s modulus and tensile 
strength at the cost of a reduction in elongation at break [182]–[184]. Zhang and 
Thomas [81] found that PHB/PLA of 25/75 showed better mechanical properties than 
pure PLA due to the fine dispersion of PHB in the PLA matrix. They also investigated 
the compatibility of PHB and PLA via FTIR. They found that there was a shift in the 
carbonyl peak of the blends, which indicated that there is an interaction between 
PHB and PLA (Figure 2. 30). Zhang et al. [185] investigated the fracture surface of 
PHB/PLA blends and observed that PHB fracture surface was modified in the 
presence of PLA, which indicated that PHB/PLA blends were expected to show a 
higher fracture toughness.  
 
Figure 2. 30 FTIR spectra of PLA/PHB blends 
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3 Experimental  
3.1 Materials 
Poly(lactic acid) (PLA) (IngeoTM 4032D) was supplied by Natureworks LLC 
(Minnetonka, MN, USA). 4032D is a crystallizable grade of PLA with an L-lactide 
content of about 98.6 weight%. Its melting point is in the range 160-180ºC, and its 
glass transition temperature is around 50 ºC. Its density is 1.24 g/cm3. Its weight 
average molecular weight (Mw) was determined by gel permeation chromatography 
(GPC) and found to be 94 x 103 g/mol.  
Poly(butylene succinate) was obtained from Ire Chemicals Ltd, Korea. This is a 
commercial grade of polymer designated, EnPol G4560-M. It has a glass transition 
temperature (Tg) of about -35ºC and a melting point of around 115 ºC. The density of 
the polymer is 1.26 g/cm3. GPC analysis was conducted to determine the molecular 
weight of PBS using chloroform as the solvent and polystyrene standards. The 
measured weight average molecular weight (Mw) was found to be 88 x 103 g/mol. 
Poly(butylene adipate-co-terephthalate) (PBAT, Biosafe 2003) with glass transition 
temperature of -34°C and a melting point of 109°C was supplied by Xinfu 
Pharmaceutical Co., Ltd. The density of PBAT is 1.25g/cm3.  
Polyhydroxyalkanoates (PHA) (PHI 002) was supplied by NaturePlast. It has a 
melting temperature range from 170°C to 176°C, and glass transition temperature 
around 2 °C [169]. Its density is 1.23 g/cm3.  
Organoclay used in this project was Cloisite® 30B, which was supplied by Southern 
Clay Products (Gonzales, TX, USA). Cloisite® 30B is a montmorillonite layered 
silicate that has been organically modified with a quaternary ammonium salt to 
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prevent agglomeration of the clay platelets and thereby aid dispersion in the polymer 
matrix. It has a density of 1.98 g/cm3.  
3.2 Sample preparation  
3.2.1 PBS/PLA blends 
PLA was blended with PBS at different composition ratios (PBS/PLA: 0/100, 20/80, 
40/60, 60/40, 80/20 and 100/0 by weight). The two components were first dried in a 
vacuum oven at 65°C for 24 hours to remove absorbed moisture. Then they were 
melt blended in a counter-rotating mixer (Haake Rheomix OS) in order to promote 
dispersive and distributive mixing. The total sample weight was 58g, and mixing was 
carried out at 175°C for 10mins at a constant rotor speed of 60rpm. After mixing, the 
blends were hot pressed at a temperature of 180°C. Samples were preheated for 15 
minutes and then compressed for 3 minutes at a pressure of 15 tons, followed by 
cooling to room temperature over a further period of 3 minutes under a pressure of 5 
tons. Sheets were produced with thicknesses of 1 ± 0.10 mm for tensile testing and 
thicknesses of 0.5± 0.10 mm for water vapour permeability testing. For the 
mechanical testing, extra blends with different composition ratios (PBS/PLA: 2/98, 
4/96, 6/94, 8/92, 10/90, 42/58, 44/56, 46/54, 48/52) were made to more thoroughly 
investigate the property-structure relationship. The composition ratios of all the 
blends are given in Table 3. 1. 
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Table 3. 1 The composition ratios of PBS/PLA blends 
PBS/PLA 
composition 
PBS content 
by weight (%) 
PBS weight (g) PLA weight (g) 
0/100 0 0 58 
2/98 2 1.16 56.84 
4/96 4 2.32 55.68 
6/94 6 3.48 54.52 
8/92 8 4.64 53.36 
10/90 10 5.80 52.20 
20/80 20 11.60 46.40 
40/60 40 23.20 34.80 
42/58 42 24.36 33.64 
44/56 44 25.52 32.48 
46/54 46 26.68 31.32 
48/52 48 27.84 30.16 
50/50 50 29.00 29.00 
60/40 60 34.80 23.20 
80/20 80 46.40 11.60 
100/0 100 58.00 0.00 
 
3.2.2 PBS/PLA-clay nanocomposites   
PBS/PLA-clay nanocomposites containing 1, 3 and 5 wt% organoclay were prepared 
by melt compounding followed by compression moulding. Before melt blending, the 
PBS and PLA granulate were dried at 60°C for 24 hours in a vacuum oven. PBS/PLA 
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composition ratios in the PBS/PLA-clay nanocomposites were 0/100, 20/80, 40/60, 
60/40, 80/20 and 100/0. Combined with the different clay contents (1, 3 and 5 wt%), 
18 samples with different composition ratios were produced (Table 3. 2).  
Table 3. 2 The composition ratios of PBS/PLA-clay composites 
PBS/PLA 
composition 
PBS/PLA-clay 
Composition 
PBS 
weight (g) 
PLA 
weight (g) 
Clay weight (g) 
0/100 
0/100-1 0.00 57.42 0.58 
0/100-3 0.00 56.26 1.74 
0/100-5 0.00 55.10 2.90 
20/80 
20/80-1 11.48 45.94 0.58 
20/80-3 11.25 45.01 1.74 
20/80-5 11.02 44.08 2.90 
40/60 
40/60-1 22.97 34.45 0.58 
40/60-3 22.50 33.76 1.74 
40/60-5 22.04 33.06 2.90 
60/40 
60/40-1 34.45 22.97 0.58 
60/40-3 33.76 22.50 1.74 
60/40-5 33.06 22.04 2.90 
80/20 
80/20-1 45.94 11.48 0.58 
80/20-3 45.01 11.25 1.74 
80/20-5 44.08 11.02 2.90 
100/0 
100/0-1 57.42 0.00 0.58 
100/0-3 56.26 0.00 1.74 
100/0-5 55.10 0.00 2.90 
 
For composites containing PLA, a masterbatch of PLA and clay was first prepared. 
PLA was melt blended with Cloisite® 30B to make the masterbatch with 20 wt% of 
96 
 
clay. Then the masterbatch was diluted by adding PLA and PBS granules to produce 
further compositions of 1wt%, 3wt% and 5wt% of clay at different PBS/PLA ratios. 
For pure PBS, a masterbatch with 20wt% clay was made by melt blending PBS with 
clay. A counter-rotating mixer (Haake Rheomix OS) was used for the melt blending 
to provide dispersive and distributive mixing. The total sample weight added to the 
mixer was 58g, and mixing was carried out at 175°C (130°C for pure PBS samples) 
for 10 minutes with a constant rotor speed of 60 rpm. 
After mixing, the blends were hot pressed at a temperature of 180°C. Samples were 
preheated for 15 minutes and then compressed for 3 minutes at a pressure of 15 
tons, followed by cooling to room temperature over a further period of 3 minutes 
under a pressure of 5 tons. For tensile testing, sheets were produced with 
thicknesses of 1 ± 0.10 mm and for water vapour permeability testing, thicknesses of 
0.5± 0.10 mm was produced. 
3.2.3 PBAT/PLA blends  
Melt blending of PBAT with PLA was first carried out at a range of composition ratios 
(PBAT/PLA by weight: 0/100, 20/80, 40/60, 60/40, 80/20 and 100/0). Other 
composition ratios (PBAT/PLA by weight: 2/98, 4/96, 5/95, 6/94, 8/92, 10/90, 12/88, 
14/86, 16/84, 18/82 and 50/50) were also produced to investigate the phase 
transition behaviour. The composition ratios of all the PBAT/PLA blends are shown 
in Table 3. 3. Absorbed moisture was first removed by drying the two polymers in a 
vacuum oven for 24 hours at a temperature of 65°C. After that, they were melt 
blended in a Haake Rheomix OS counter-rotating mixer. The total sample weight in 
the mixing chamber was 58g, and the mixing process was carried out at 175 °C for 
10mins at a rotor speed of 60rpm. The polymer samples from the mixer were then 
compression moulded into sheets. This was done by preheating the polymer for 15 
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minutes and compressing it into a sheet for 3 minutes under a pressure of 15 tons 
(creating a pressure on the sheet of 11.3 MPa) at a temperature of 180°C, followed 
by cooling to room temperature over a period of 3 minutes under a pressure of 5 
tons (creating a pressure on the sheet of 3.8 MPa). The sheets were of thickness 1 ± 
0.10 mm and from these tensile bars were cut.  
Table 3. 3 The composition ratios of PBAT/PLA blends 
PBAT/PLA 
composition 
PBAT content 
by weight (%) 
PBAT weight (g) PLA weight (g) 
0/100 0 0 58 
2/98 2 1.16 56.84 
4/96 4 2.32 55.68 
6/94 6 3.48 54.52 
8/92 8 4.64 53.36 
10/90 10 5.80 52.20 
12/88 12 6.96 51.04 
14/86 14 8.12 49.88 
16/84 16 9.28 48.72 
18/82 18 10.44 47.56 
20/80 20 11.60 46.40 
40/60 40 23.20 34.80 
50/50 50 29.00 29.00 
60/40 60 34.80 23.20 
80/20 80 46.40 11.60 
100/0 100 58.00 0.00 
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3.2.4 PHA/PLA blends 
Polyhydroxyalkanoate (PHA) was melt blended with PLA at different composition 
ratios(Table 3. 4). Using the same processing procedure as previously described, 
the two components were first dried in a vacuum oven at 65°C for 24 hours to 
remove the moisture absorbed. Then they were melt blended in a counter-rotating 
mixer (Haake Rheomix OS) at 175°C. After that, the blends were compressed into 
flat sheets with a thickness of 1mm by compression moulding at a temperature of 
180°C and pressure of 3.8 MPa. Tensile bars were cut from the sheets.  
Table 3. 4 Composition ratios of PHA/PLA blends 
PHA/PLA 
composition 
PHA content 
by weight (%) 
PHA weight (g) PLA weight (g) 
0/100 0 0.00 58.00 
5/95 5 2.90 55.10 
10/90 10 5.80 52.20 
15/85 15 8.70 49.30 
20/80 20 11.60 46.40 
25/75 25 14.50 43.50 
30/70 30 17.40 40.60 
35/65 35 20.30 37.70 
40/60 40 23.20 34.80 
60/40 60 34.80 23.20 
80/20 80 46.40 11.60 
100/0 100 58.00 0.00 
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3.3 Characterization Techniques 
3.3.1 Differential Scanning Calorimetry (DSC) 
The melting and crystallization behaviours of various blends including PBS/PLA, 
PBS/PLA-clay nanocomposites, PBAT/PLA and PHA/PLA, as well as the miscibility 
of these blends, were investigated using differential scanning calorimetry (DSC). 
Measurements were performed using a DSC Q200 (TA Instruments, USA) fitted with 
an auto-sampler and mechanical cooler. Samples of approximately 10~15 mg were 
cut from the polymer samples and sealed in aluminium pans before being loaded 
into the chamber. The samples were heated from 20°C to 200° C in a nitrogen 
atmosphere at a rate of 10°C/min. Data were analysed using the TA universal 
analysis software package. At least 3 specimens were tested at each composition 
ratio. 
The amount of crystallinity for each polymer, Xc, was calculated using Equation 1.  
                      𝑋𝑋𝐶𝐶 = � ∆𝐻𝐻𝑚𝑚−∆𝐻𝐻𝑐𝑐∆𝐻𝐻100𝑥𝑥 𝑊𝑊𝑊𝑊� × 100%                                (1)           
Where ∆𝐻𝐻𝑚𝑚  is the enthalpy of melting; ∆𝐻𝐻𝑐𝑐  is the enthalpy of cold crystallization; 
∆𝐻𝐻100 is the enthalpy of fusion for 100% crystalline polymer and Wp is the weight 
fraction of the polymer in the blends or composites. For PLA, ∆𝐻𝐻100 = 93 𝐽𝐽/𝑔𝑔; for 
PBS  ∆𝐻𝐻100 = 110.3 𝐽𝐽/𝑔𝑔 , for PBAT ∆𝐻𝐻100 = 114 𝐽𝐽/𝑔𝑔 . Being a random co-polymer, 
PBAT does not crystallize to a great extent.  
3.3.2 Capillary Rheometry  
The shear viscosities of PBS, PLA, PBAT, PHA and PLA-clay (20wt%) masterbatch 
at 175°C were determined using a Flowmaster (ROSAND) capillary rheometer. The 
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pressure was measured at various ram velocities. The twin-bore barrel contained a 
die of length/diameter ratio of 16 and a ‘zero length’ die to generate a Bagley 
correction and hence eliminate end-pressure effects. Ram velocities for PLA were 
varied between 1000 mm/s and 200 mm/s and those of PBS between 2000 mm/s 
and 400mm/s. For PBAT, the ram velocity range was between 2000 mm/s and 
800mm/s and for PHA the range was between 1000 mm/s and 200 mm/s. Higher 
velocities were required for PBS and PBAT because of their low melt viscosity. Ram 
velocity between 40mm/s and 2000mm/s was applied to determine the viscosity of 
the PLA-clay masterbatch.  
3.3.3 Tensile Testing 
Tensile properties of the samples were measured using a Universal testing machine 
(LLOYD Instruments). The compression moulded sheets were cut into dumbbell 
shapes with a gauge length of 25 mm, width of 4 mm and thickness of 1mm. The 
crosshead speed used was 10mm/min. In order to precisely determine the threshold 
ratio at which the samples exhibited high ductility, samples over a wider range of 
composition ratios were tested.  
The PBS/PLA ratios were as follows: 0/100, 2/98, 4/96, 6/94, 8/92, 10/90, 20/80, 
30/70, 40/60, 42/58, 44/56, 46/54, 48/52, 50/50, 60/40, 70/30, 80/20, 100/0 by weight. 
For each composition ratio, at least 8 specimens were tested. The PBS/PLA-clay 
nanocomposites compositions are as follows: 0/100, 20/80, 40/60, 60/40, 80/20, 
100/0 and each of the compositions are with clay concentration of 1, 3, 5 wt%. The 
composition ratios of PBAT/PLA are 0/100, 2/98, 4/96, 5/95, 6/94, 8/92, 10/90, 12/88, 
14/86, 16/84, 18/82, 20/80, 30/70, 40/60, 50/50, 60/40, 80/20 and 100/0. The 
composition ratios of PHA/PLA are 0/100, 5/95, 10/90, 15/85, 20/80, 25/75, 30/70, 
35/65, 40/60, 60/40, 80/20, 100/0.  
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3.3.4 X-Ray Diffraction 
In order to study the intercalation or exfoliation of the montmorillonite clay, PBS/PLA 
nanocomposite samples were examined using wide-angle X-ray diffraction (WAXD). 
The nanocomposite sheets were laid flat on an aluminium block and the height 
adjusted, so the sample surface was the reference plane of the instrument. The X-
Ray diffraction data were collected using a Brucker D8 Diffractometer with graphite-
filtered Cu-Kα radiation (λ = 1.542nm). The diffractometer was operated using Diffrac 
Plus XRD Commander and EVA software was used for manipulation of the data.  
3.3.5 Atomic Force Microscopy (AFM)  
Atomic force microscopy (Veeco Explorer) was employed to investigate the 
topography of the surfaces of PBS/PLA blends. Only the topography of the hot 
pressed sample surfaces was chosen to be tested because a cross section is too 
rough to be analysed. A non-contact scanning mode with constant force was used.  
3.3.6 Optical Microscopy 
Optical microscopy was used to observe the morphology of various blends and 
hence to study the dispersion of the two components.   
For PBS/PLA blends, samples were observed under bright field and between 
crossed polars in a Leica® DM LM binocular transmitted light microscope equipped 
with an FP82 hot stage and an FP90 control unit. Samples of roughly 0.1mm 
thickness from compression moulding were placed on a glass slide and covered with 
a glass slip. The birefringent structures were observed at room temperature, and 
then the samples were heated to 190°C using the hot stage facility at a rate of 
10°C/min. This allowed observation of the cold crystallization and melting behaviours.  
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For PBAT/PLA blends, PBS/PLA-clay composites, Leica® DMRX binocular 
transmitted light microscope was used. Samples were cut off from compression 
moulding sheet and heated up on a hot plate for 1 min while subsequently quenched 
on a cold plate to replicate compression moulding process. Very thin samples were 
created via this method, and they were observed under bright field and between 
crossed polars. 
3.3.7 Scanning electron microscopy (SEM) 
The morphology of the fracture surfaces of the PBS/PLA blends, PBS/PLA-clay 
nanocomposites, PBAT/PLA blends and PHA/PLA blends were examined using a 
scanning electron microscope equipped with a field emission gun (FEGSEM, LEO 
1530 VP). The blends were first attached to an aluminium disc with silver painted on 
edge, and then they were placed in a sputter coater chamber for 90 seconds to coat 
a thin layer of gold to provide electrical conductivity. The FEGSEM was operated at a 
voltage of 5kV. Samples were observed under different magnifications. 
In addition, an etching technique was developed to examine the phase morphology 
of the PBAT/PLA blends. PBAT/PLA blends of composition 20/80, 40/60, 50/50, 
60/40 and 80/20 were dissolved in acetone for eight hours with magnetic stirring to 
remove the PLA phase. Acetone is a suitable solvent for PLA [28]. Then the residual 
blends were taken out of the solvent to dry and gold coated; then they were 
investigated under SEM. This process was carried out to etch the PLA from the 
surface and reveal the phase structure as suggested by the work of Galloway and 
Macosko [29]. 
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3.3.8 Transmission Electron Microscopy (TEM) 
TEM analysis was used for PBS/PLA-clay composites. TEM specimens were 
prepared by first cutting the compression moulded sheets into a pencil-like point and 
then shaving off thin slices (around 100 nm thick) at room temperature using a 
Cambridge Instruments ultra-microtome fitted with a diamond edge blade. De-
ionised water was used to contain the specimen. The specimens were then scooped 
onto a copper mesh and left to dry before being observed in a JEOL, JEM – 2000FX 
transmission electron microscope operated at an accelerating voltage of 100kV. 
Because of the softness of PBS, only a few composites could be cut successfully 
and analysed under TEM.  
3.3.9 Water Vapour Permeability Measurements 
Water vapour transmission rates (WVTR) through the PBS/PLA blends and 
PBS/PLA-clay composites were measured according to ASTM E96: Standard Test 
Methods for Water Vapor Transmission of Materials, (1996). The equipment used 
was a MOCON (Modern Controls Inc., USA) Permatran-W@398 operated at 38°C 
and at a relative humidity of 90%.  For each composition ratio, at least 3 specimens 
were tested to calculate the average values and standard deviation.  
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4. PBS/PLA blends – Results and Discussion 
4.1 Crystallinity and Thermal Analysis  
DSC traces of PBS/PLA blends are shown in Figure 4. 1. When heated from 20°C 
to 200°C, neat PLA went through the following thermal transitions: the glass 
transition (56.0 ± 1.2°C), cold crystallization (102.2 ± 0.8°C) and melting (170.8 ± 
0.4°C). On the other hand, neat PBS exhibited a cold crystallization peak at (99.6 ± 
0.02°C) and a melting peak at (116.7 ± 0.2°C). The glass transition temperature (Tg), 
cold crystallization temperature (Tc) and melting temperature of each of the 
PBS/PLA blends are shown in Table 4. 1. The enthalpies of cold crystallization, PBS 
melting and PLA melting are shown in Table 4. 2 while the crystallinity of PBS and 
PLA are shown in Table 4. 3.  
 
Figure 4. 1 DSC traces of PBS/PLA blends 
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Table 4. 1 shows the DSC results of the glass transition temperature (Tg) of PLA on 
increasing the content of PBS. The cold crystallization temperature drops with 
increasing PBS content, which indicates that the cold crystallization temperature of 
PBS is slightly lower than that of PLA. Meanwhile, on increasing the PBS content, 
the melting temperature of PBS increases and the melting temperature of PLA 
decreases. This indicates that the crystalline regions of PBS and PLA have a mild 
interaction with each other.  
Table 4. 1 Glass transition temperature, cold crystallization temperature and melting 
temperature of PBS/PLA blends 
PBS 
content 
(wt%) 
Tg of PLA 
(°C) 
  Tc of PLA 
(°C) 
Tm of PBS 
(°C) 
Tm of PLA (°C) 
0 56.0±1.2 102.2±0.4 N/A 170.8±0.4 
20 53.3±0.8 96.0±1.2 114.0±0.2 170.2±0.2 
40 54.2±1.8 97.8±0.3 115.2±0.1 169.8±0.1 
60 54.2±1.6 97.8±1.2 115.5±1.2 169.1±0.2 
80 54.2±1.8 98.8±1.7 115.8±0.2 168.4±0.2 
100 N/A N/A 116.7±0.2 N/A 
 
The Tg for pure PLA is 56.0 ºC, which decreases to 53.3 ºC when PBS is present in 
the blend at 20 weight %. However, with increasing PBS content, it then rises again 
to 54.2 ºC. These results demonstrate that PBS is not miscible with PLA even at 
20wt% of PBS. According to the rule of mixing, if the amorphous part of the PBS is 
miscible with the amorphous part of the PLA, there should be a shift in glass 
transition temperature according to the Fox equation [186]: 
1/𝑇𝑇𝑔𝑔 = 𝜔𝜔(𝑃𝑃𝐵𝐵𝑆𝑆)/𝑇𝑇𝑔𝑔(𝑃𝑃𝐵𝐵𝑆𝑆) + 𝜔𝜔(𝑃𝑃𝐿𝐿𝑃𝑃)/𝑇𝑇𝑔𝑔(𝑃𝑃𝐿𝐿𝑃𝑃)                                (4.1) 
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In equation (4.1) Tg is the glass transition temperature of the blend in K; 𝑇𝑇𝑔𝑔(𝑃𝑃𝐵𝐵𝑆𝑆) is 
the glass transition temperature of PBS, which is 235 K; 𝑇𝑇𝑔𝑔(𝑃𝑃𝐿𝐿𝑃𝑃)  is the glass 
transition temperature of PLA, which is 329K; 𝜔𝜔(𝑃𝑃𝐵𝐵𝑆𝑆)  is the weight fraction of 
amorphous PBS  in the total amorphous region; 𝜔𝜔(𝑃𝑃𝐿𝐿𝑃𝑃) is the weight fraction of 
amorphous PLA in the total amorphous region. When PBS is 20 wt%, 𝜔𝜔(𝑃𝑃𝐵𝐵𝑆𝑆) is 0.14 
and 𝜔𝜔(𝑃𝑃𝐿𝐿𝑃𝑃) is 0.86. Hence, using equation (4.1), the Tg of the blend was calculated 
to be 38.6°C, which does not match with the experimental results in which Tg = 53.3 
± 0.8°C (Table 4. 1). Therefore, PBS and PLA are not miscible to any substantial 
degree. 
However, the small but significant drop in Tg of the PBS/PLA 20/80 blend does 
indicate that PBS has some limited miscibility with PLA at 20 wt% PBS. On 
increasing the PBS content, the Tg values of the blends are always higher than the 
Tg of the PBS/PLA 20/80 blend but lower than the Tg of pure PLA. This result 
suggests that the miscible content reduces as the PBS content increases. 
Due to the overlapping of the cold crystallization peaks of PBS and PLA, it is difficult 
to calculate the crystallinity of PBS and PLA separately. Different heating rates, 
which were as low as 1°C/min and as high as 50°C/min, were tried to separate the 
cold crystallization peaks, but all failed. Therefore, in order to give an assessment of 
the crystallization behaviour, in this thesis, it is assumed that for PBS the ratio of its 
cold crystallization enthalpy to its melting enthalpy is independent of the composition 
ratio of the blend. For pure PBS (Table 4. 2), this ratio is found to be 0.107 ± 0.02, 
so this ratio was applied to the data from the other compositions.   
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Table 4. 2 The enthalpy of cold crystallization, PBS melting and PBS melting 
transition 
PBS content 
(wt%） 
Cold   crystallization 
enthalpy (J/mg) 
PBS melting 
enthalpy (J/mg) 
PLA melting 
enthalpy (J/mg) 
0 31.5±1.0 N/A 37.6±1.3 
20 20.9±1.2 10.9±0.3 31.0±0.7 
40 16.2±0.5 24.9±0.4 22.8±0.2 
60 12.5±1.3 39.3±0.9 15.0±0.5 
80 9.8±1.4 55.3±1.0 7.9±0.4 
100 7.7±0.5 71.81.7 N/A 
Based on this assumption, the crystallinities of PBS and PLA were calculated from 
the DSC data and are shown plotted as a function of composition in Figure 4. 2. The 
crystallinity of pure PLA is close to zero, and this is also confirmed by the results of 
optical microscopy (Section 4.4.2). On blending PBS with PLA, the crystallinity of 
both PLA and PBS is increased. When 20 wt% PBS is blended with PLA, the 
crystallinity of PLA is increased significantly to about 15%. This is because impurities 
in the PBS, can act as crystallization nuclei for PLA.  
Table 4. 3 The crystallinities of PBS and PLA in PBS/PLA blends 
PBS content (wt%) Crystallinity of PLA (%) Crystallinity of PBS (%) 
0 6.4±0.3 N/A 
20 15.1±0.6 44.0±1.3 
40 16.5±0.7 50.5±0.8 
60 17.9±2.2 53.0±1.2 
80 21.2±7.6 56.0±1.0 
100 N/A 58.1±2.0 
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Figure 4. 2 Crystallinities of PBS and PLA 
 
 
 
4.2 Shear Viscosity  
Capillary Rheometry was used to determine the melt viscosities of PBS and PLA at 
175ºC, at a number of different volumetric flow rates.  The raw data of shear rate and 
shear viscosity for neat PBS and neat PLA are shown in Table 4. 4. 
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Table 4. 4 Shear viscosity and shear rate of neat PBS and neat PLA 
PLA PBS 
Shear rate  
(s-1) 
Shear viscosity  
(Pa.s) 
Shear rate  
(s-1) 
Shear viscosity  
(Pa.s) 
498.9 534.8 1000.1 76.4 
397.2 625.9 794.5 82.5 
315.8 730.1 631.6 89.5 
251.0 828.4 501.2 95.7 
199.0 950.8 398.8 102.3 
158.3 1063.1 317.3 108.8 
126.1 1172.6 251.8 115.7 
100.0 1295.8 199.8 121.6 
83.4 1375.2 179.2 117.7 
64.6 1461.6 138.9 123.7 
50.0 1518.0 107.7 127.3 
N/A N/A 83.4 138.7 
N/A N/A 64.6 144.1 
  50.0 163.3 
 
The shear rate dependence of the viscosities of PBS and PLA is plotted in Figure 4. 
3, from which it can be seen that both melts obey a power law model, as shown in 
equation (4.2), where η is viscosity,  ?̇?𝛾 is shear strain rate and n is the power law 
exponent. 
𝜂𝜂 = 𝜂𝜂0?̇?𝛾(𝑛𝑛−1)                                   (4.2) 
It is seen from Figure 4. 3 that the power law relationships for the two polymer melts 
are as follows:  
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For PBS:  𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃 = 383?̇?𝛾−0.223  
For PLA: 𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃 = 10619?̇?𝛾−0.467 
The shear strain rate for PBS and PLA when mixed in the Haake is calculated from 
the Newtonian equivalent expression [187], as given in equation (4.3) below. Even 
though the polymers are not Newtonian fluid and have shear thinning behaviour, the 
equation below still makes a rather approximately prediction. This equation was used 
to calculate shear rate in the Haake for all the polymer blends.  
ϒ̇ = 16𝜋𝜋𝜋𝜋 𝛽𝛽2(1 + 𝛽𝛽2)(𝛽𝛽2 − 1) ≈ 2𝜋𝜋𝜋𝜋ln(𝛽𝛽)                             (4.3) 
In equation (4.3), N is the rotor speed, and β is the ratio of the wall radius (Re) to the 
rotor radius (R1). For the Haake rheometer, N is 60 rpm, which is 1 revolution per 
second, and Re and R1 are 20 mm and 17.5 mm respectively. Hence, the shear 
strain rate in the Haake is calculated to be 47s-1. Therefore, the viscosities of PBS 
and PLA are calculated to be 162 Pa.s and 1759 Pa.s, respectively.  
 
Figure 4. 3 Shear stress curve for PBS and PLA (η is shear viscosity, ?̇?𝜸 is shear rate) 
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4.3 Mechanical properties 
Tensile test results are shown in Table 4. 5. To confirm the accuracy of the results, 
several more batches of the same composition were produced, and for each batch, 
at least 8  specimens were tested to calculate the standard deviation. The standard 
deviation of Young’s modulus and tensile strength is relatively low. For elongation at 
break, when PBS content is close to the critical point, which is 42 wt% of PBS, the 
standard deviation is substantial. 
Table 4. 5 Young’s modulus, tensile strength and elongation at break of PBS/PLA 
blends. 
PBS content 
(wt%) 
Young's modulus 
(MPa) 
Tensile strength 
(MPa) 
Elongation at break 
(%) 
0 1672 ± 67 57.7 ± 1.8 9.1 ± 2.4 
10 1318 ± 55 49.5 ± 1.7 270.1 ± 33.5 
20 1262 ± 85 46.0 ± 2.2 323.2 ± 19.8 
30 1067 ± 32 41.1 ±1.3 345.5 ± 48.3 
40 988 ± 58 39.3 ± 1.5 338.1 ± 28.7 
42 947 ± 31 38.8 ± 0.5 72.1 ± 94.5 
44 910 ± 32 38.2 ± 0.6 18.9 ± 8.9 
46 868 ± 22 37.8 ± 0.8 13.1 ± 1.6 
48 833 ± 33 37.1 ± 0.9 12.6 ± 2.5 
50 824 ± 46 39.5 ± 2.5 12.0 ± 1.3 
60 704 ± 46 38.1 ± 2.1 19.0 ± 8.2 
70 546 ± 17 33.8 ± 1.3 13.0 ± 1.9 
80 498 ± 41 36.1 ± 2.4 24.5 ± 14.0 
100 387 ± 46 34.2 ± 2.1 241.3 ± 14.6 
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The results of Young’s modulus and tensile strength of the various blends are plotted 
as a function of PBS content in Figure 4. 4 and Figure 4. 5 respectively. From these 
plots, it can be seen that both Young’s modulus and tensile strength decrease with 
increasing concentration of PBS in the blend. This result is what is expected on 
adding a ductile, flexible polymer to a rigid, brittle polymer. It is seen that for Young’s 
modulus, the decreasing trend is quite linear. The trend for Young’s modulus is 
expected to fall somewhere between the predictions from the parallel and series 
models, as represented in equations (4.4) and (4.5) respectively. Here E1 and E2 are 
the moduli of components 1 and 2 while Eb is the modulus of the blend, and φ1 and 
φ2 are the volume fractions of components 1 and 2.  
Parallel Model                       𝐸𝐸𝑏𝑏 = 𝜑𝜑1𝐸𝐸1 + 𝜑𝜑2𝐸𝐸2               (4.4) 
Series Model                         𝐸𝐸𝑏𝑏 = 𝐸𝐸1𝐸𝐸2(𝜑𝜑1𝐸𝐸2+𝜑𝜑2𝐸𝐸1)                   (4.5) 
These two models represent the limits of the phase separated blends. The parallel 
model is the case where the higher modulus component is the continuous phase and 
represents the upper bound, whereas the series model is the case in which the 
higher modulus component is dispersed within the lower modulus continuous phase 
and represents the lower bound. 
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Figure 4. 4  Effect of PBS content on Youngs modulus of the blend 
In Table 4. 5, it is seen that the modulus of PLA is 1672 MPa and that of PBS is 387 
MPa. From Figure 4. 4 it is found that the experimental data for Young’s modulus 
are located in the range between the upper and lower bounds. This indicates that 
although PBS and PLA are not miscible, PBS is compatible with PLA. At 70 weight%  
PBS and above, Young’s modulus of the blend approaches the series model, 
indicating that PBS is the continuous phase and the higher modulus component, 
PLA, is dispersed within the PBS. 
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Figure 4. 5 Effect of PBS content on the Tensile Strength of the blend 
 
Tensile strength results are plotted in Figure 4. 5. In this case, it is clear that the 
measured values fall below those predicted by both the parallel and series models. It 
is seen that as the PBS content is increased to 40 weight %, there is a steep linear 
reduction in tensile strength implying that, in this composition regime, the strength is 
disproportionately affected by the weaker PBS component. However, beyond this 
region, there is a more gradual drop in strength until the value for pure PBS is 
reached.   
Figure 4. 6 is a plot of the results for elongation-to-break as a function of PBS 
content. These data gave an unexpected result, in that it was found that on the 
addition of only 10 weight% of PBS, a very ductile response was observed. For 
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blends with PBS content between 10 and 40 weight %, measured values of 
elongation-to-break (270% to 340%) were in excess of those found for pure PBS. 
This result suggests that in the composition range 10 to 40 weight%, PBS has 
formed a co-continuous phase, presumably very finely dispersed, and thus is having 
such an influence over the ductility of the blends. The reason for the co-continuous 
phase to form at such low PBS content is mainly due to the viscosity difference. 
Besides, PBS has a much lower melting temperature than PLA. When the melt cools 
down in the mixer chamber, PLA will solidify first, leaving room for PBS to solidify 
around PLA structures at a lower temperature. The difference in the melting 
temperature of PLA and PBS is also important for the formation of co-continuous 
phase.  
It is seen from Figure 4. 6 that, when the content of PBS is increased above 40 
weight %, there is a dramatic drop in the ductility of the blends back down to values 
of elongation-to-break around 12 % to 19 %. These results imply that there is a 
change in morphology at this point. When PLA becomes the minor component, it will 
no longer be able to form the continuous phase and so it becomes dispersed in the 
PBS matrix. The ductility results imply that there is not good adhesion between the 
two components in this case.  
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Figure 4. 6 Effect of PBS content on the Elongation-to-break of the blend 
The stress-strain curves from the tensile tests also suggest that a co-continuous 
phase is the reason why some PBS/PLA blends give such good ductility as seen in 
Figure 4. 7. The maximum stress decreases with increasing PBS content. 
Comparing PBS/PLA blends 20/80 and 40/60, it can be clearly seen that with 
increasing PBS content the drop from the maximum stress value (ξ) decreases. With 
pure PBS, the value of ξ is minimal because there is no PLA continuous phase 
breaking apart. This indicates that when the blends reach a specific elongation value, 
PLA breaks first and then PBS continues to bear the stress, so the larger the 
concentration of PLA is, the larger the ξ value is. For PBS/PLA composition of 60/40 
and 80/20, this mechanism does not apply because no co-continuous structure is 
formed.  
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Figure 4. 7 Stress/Strain curves of tensile test for PBS/PLA blends 
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4.4 Morphology  
4.4.1 Atomic Force Microscopy (AFM)  
AFM was used to produce 3D images of the surfaces of the blends. Figure 4. 8 
shows the topography of the blends from a square of the surface measuring 2500 x 
2500 nm from a series of samples with increasing PBS/PLA ratio.   
 
Figure 4. 8 AFM 3D images of PBS/PLA blends 
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It can be seen from Figure 4. 8 that the pure PLA sample has the smoothest surface 
and the surface topography becomes generally rougher with increasing PBS content. 
The roughest surface is that of pure PBS, where the peak height difference is 182 
nm. This is attributed to the highly crystalline nature of this sample. In the case of the 
PBS/PLA blends at ratios of 20/80, 40/60, 60/40 and 80/20, there is seen to be 
phase separation because the interface between the peaks and the flat amorphous 
area is clearly defined. When the PBS content is higher than that of PLA, more flaws 
can be observed, which are indicated by dark areas on the surface. When the PBS 
content is lower than that of PLA, the surface morphology looks quite uniform and 
continuous. The PBS/PLA 20/80 blend seems to have the most continuous phase 
topography with PBS dispersing in fibril form in the PLA matrix.  
4.4.2 Optical Microscopy   
Optical micrographs were taken from a series of PBS/PLA blends using polarised 
light. These images are shown in Figure 4. 9. PLA, being amorphous is black, 
whereas crystalline PBS is birefringent and therefore bright. The melting and cooling 
processes using hot stage microscopy were also applied to PBS/PLA blends, but not 
much information could be seen from the video.  
120 
 
 
Figure 4. 9 Optical Micrographs of PBS/PLA Blends using Crossed Polars 
 
The images from polarised light optical microscopy show that there is phase 
separation in all four blends. In PBS/PLA of 40/60 and 60/40, the light yellowish 
phase is PBS and the dark grey phase is PLA. The image of the 20/80 blend shows 
that the PBS is very well dispersed in the PLA and there is evidence from the 
magnified image (insert) that PBS forms a continuous phase even at this very low 
level, suggesting a co-continuous phase structure. This fine, uniform morphology 
accounts for the excellent ductility at this composition ratio. Similarly, there is 
evidence of a co-continuous phase structure when PBS is present at 40 weight %. 
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This morphology can be more clearly seen in the inserted magnified image in which 
some PLA droplets are dispersed inside the PBS domains, again explaining why the 
40/60 blend has such good ductility. 
However, when the PBS content is increased to 60 weight %, only a PBS continuous 
phase can be seen in the image, with PLA droplets of various sizes dispersed in the 
PBS matrix. For the 80/20 blend, there are much finer droplets of PLA in the PBS 
matrix although there are still some coarser ones amongst them.  
Optical micrographs from the hot stage microscope are shown in Figure 4. 10. 
These micrographs were taken at room temperature.  
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Figure 4. 10 Optical Micrographs of PBS/PLA Blends at room temperature 
 
These micrographs confirm that phase separation is found in all blends and also 
show that PBS is able to form a continuous phase when it is present at only 20 
weight %. When the PBS is at 40 weight %, the co-continuous phase structure can 
be more distinctly seen with some PLA droplets dispersed in PBS. The reason for 
this is that PBS has a much lower shear viscosity and thus it is easier for PBS to 
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percolate through the structure while PLA tends to remain as droplets due to its high 
melt viscosity. During mixing, PBS cannot break down the PLA droplets, so the 
dispersion of PLA is non-uniform and there is a considerable variation in the size of 
the PLA domains. 
 
4.4.3 Scanning Electron Microscopy   
Scanning Electron Micrographs of the series of blends are shown in Figure 4. 11. 
These scanning electron micrographs are fracture surfaces from the tensile testing 
experiments. From SEM images it can be found that those blends that contain lower 
PBS content actually look more ductile than those that contain higher PBS content. 
This agrees with tensile test results that the elongation at break of PBS/PLA20/80 
and PBS/PLA40/60 is better than that of PBS/PLA60/40 and PBS/PLA80/20. The 
pure PLA sample has a flat featureless fracture surface typical of brittle failure. The 
20/80 PBS/PLA sample has a finely dispersed two-phase structure with tiny fibrils 
drawn from the surface, which is evidence of ductility. This is more obvious in the 
micrograph for the 40/60 blend in which it can be clearly seen that the PBS formed a 
very thin continuous phase which deformed and broke after the PLA continuous 
phase, giving rise to the highly ductile behaviour. However, at higher PBS/PLA ratios, 
where PBS is the sole continuous phase, there is a brittle failure because the PLA is 
present as poorly dispersed spheres of a wide range of sizes from sub-micron to 
tens of microns. For 60wt% and 80wt% of PBS, it can be seen PLA droplets of 
irregular size are dispersed within PBS matrix, resulting in weak phase interaction 
between PBS and PLA. Where the morphology changes from two co-continuous 
phases to a PBS matrix with PLA as the dispersed phase, this is the point at which 
the ductility drops.   
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Figure 4. 11 Scanning Electron Micrographs of Fracture Surfaces of PBS/PLA 
Blends 
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To investigate the morphology change related to the composition ratio, the 
longitudinal section of the blends were also analysed under SEM. The longitudinal 
section SEM images of the blends (10/90 and 80/20) fractured during tensile testing 
explain the big difference in elongation at break (Figure 4. 12).  80/20 has such poor 
ductility because PLA particles cannot be broken by the PBS matrix and even form 
aggregates (size>10μm) thus generating cracks at the interface. Whereas a 
continuous phase structure can be observed for PBS/PLA 10/90, and no dispersed 
droplets can be seen. This indicates that PBS forms a continuous phase along with 
the PLA continuous phase at this composition ratio. 
 
Figure 4. 12 SEM images of PBS/PLA: 10/90 and 80/20 (longitudinal section) 
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4.5 Phase Structure and Viscosity Ratio 
The phase morphology of a polymer blend is a key factor determining its mechanical 
and physical properties. It is usually the case for immiscible blends that the major 
component will form the continuous phase in which the minor component is 
dispersed – often as spherical particles but sometimes as fibrils, depending on the 
polymer flow behaviour during processing.  However, in addition to volume fraction, 
the continuous phase is determined by the melt viscosities of the components. Low 
viscosity and high volume fraction are the two factors leading to phase continuity. In 
some extreme cases, a component with very low melt viscosity can form a 
continuous phase even at very low volume fraction, as observed by Shur and Ranby 
when blending PVC with ethylene copolymers [188]. 
An empirical relationship that gives guidance as to the formation of a continuous 
phase is shown in equation (4.6), where φ1 and φ2 are the volume fractions of 
components 1 and 2, and η1 and η2 are the respective shear viscosities at the 
processing temperature and shear rate [37].  
𝜑𝜑1
𝜑𝜑2
= 𝜂𝜂1
𝜂𝜂2
                     (4.6) 
According to this equation, when η1/η2 > φ1/φ2, continuity of component 2 is expected 
with component 1 forming the dispersed phase. However, when η1/η2 = φ1/φ2, then 
component 1 should form a co-continuous phase along with component 2. 
The shear viscosities of PBS (component 1) and PLA (component 2) at the 
processing temperature of 175ºC and shear strain rate of 47s-1 were found to be 162 
and 1759 Pa.s respectively. Given that the density of PBS is 1.26 g/cm3 while that of 
PLA is 1.25 g/cm3, it is assumed that the volume fraction of each component is about 
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equal to its weight fraction. Hence the threshold for formation of a co-continuous 
phase structure is when φPBS/φPLA=0.092. Thus when the PBS concentration reaches 
8.4 weight %, there is expected to be a change in morphology to a co-continuous 
phase structure.  
The model of Metelkin and Blekht [39] has also been applied to confirm the 
morphology change of the blend. This model is represented by equations (4.7) and 
(4.8), where λ = η1/η2 and 𝜙𝜙2is the inversion point of component 2 (PLA).   
𝜙𝜙2 = 11 + 𝜆𝜆𝜆𝜆(𝜆𝜆)                                         (4.7)  
𝜆𝜆(𝜆𝜆) = 1 + 2.25 log 𝜆𝜆 + 1.81(log 𝜆𝜆)2            (4.8) 
From the capillary rheometer results, λ = 0.092, 𝜆𝜆(𝜆𝜆) = 0.612 and 𝜙𝜙2 = 0.947. Hence 
the inversion point at which PBS forms a co-continuous phase is 5.3 weight %. 
Together, these two models predict that the inversion point of PBS/PLA is between 
5.3 weight % to 8.4 weight %. 
To further confirm this prediction, another 6 batches of PBS/PLA (from 0 weight% of 
PBS to 10 weight% of PBS) were produced at the same processing conditions and 
tested to measure the elongation at break as shown in Figure 4. 13. The results of 
elongation at break also show the threshold of ductility of the blends changes 
significantly in the range between 6 weight% to 8 weight%.  
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Figure 4. 13 Effect of PBS content on the Elongation-to-break of the blend 
 
This result agrees with the results found for tensile testing when for the 10/90 
PBS/PLA blend elongation-to-break was up at 270%. Also, the result is further 
confirmed in Figure 4. 14, which shows an SEM image from the fracture surface of a 
10/90 PBS/PLA sample. This morphology is a finely dispersed, fibrillar co-continuous 
two-phase structure.  
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Figure 4. 14 SEM images of PBS/PLA 10/90 cross section 
 
Figure 4. 15 is a schematic diagram of the phase morphologies of the PBS/PLA 
blends across the full composition range. These morphologies are deduced from the 
results of tensile testing, AFM, optical microscopy, SEM and melt viscosity studies. 
Below a composition of 8.4 weight%, the PBS is dispersed as droplets in a PLA 
matrix. Above this threshold of PBS concentration, there is a co-continuous phase 
structure of PBS together with PLA, and above 42 weight% of PBS, the PLA is 
dispersed as droplets in a matrix of PBS. 
 
Figure 4. 15 Schematic diagrams of the morphology evolution for PBS/PLA blends. 
PBS is the shaded part whereas PLA is white. 
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4.6 Water vapour permeability  
The effect of PBS content on the water vapour permeability of PLA was also 
investigated. Figure 4. 16 shows the Water Vapour Transmission Rate (WVTR) of 
PLA is 187.42 gm*mil/[m2*day] while for PBS it is 191.38 gm*mil/[m2*day]. Their 
water barrier properties are not very different, and that is because the glass 
transition temperature of PLA is 55°C, so at room temperature, PLA is in the glassy 
state, which is very rigid. Therefore, water molecules cannot pass through PLA 
easily but PLA is also amorphous. PBS, on the other hand, is very soft but has a 
high crystallinity (58.12±1.96 %). So they have their own advantage as well as a 
disadvantage when it comes to blocking water molecules.  
Table 4. 6 shows the water permeability results of PBS/PLA blends. PBS/PLA 
blends have a slightly higher water vapour permeability compared with neat PLA and 
neat PBS. In general, there is no significant difference by incorporating PBS in PLA.  
 
Table 4. 6 Water permeability values of PBS/PLA blends 
PBS content (wt%) Water vapour permeability 
(gm*mil/(m^2*day)) 
0 187.4±4.6 
20 190.8±2.7 
40 192.7±5.3 
60 195.7±1.5 
80 195.7±1.4 
100 191.4±0.7 
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Figure 4. 16 The effect of PBS content on water vapour permeability 
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4.7 Conclusions 
A series of melt blended compounds of PBS and PLA were prepared and their 
thermal properties, crystallinity, melt viscosities, mechanical properties and phase 
morphology was investigated. It was concluded that PLA and PBS are not miscible 
to any substantial extent because expected reductions in Tg were not observed. 
Moreover, all the techniques used to investigate phase morphology (AFM, optical 
microscopy and SEM) clearly showed a two-phase structure. However, a small but 
significant drop in the Tg of the PLA in the PBS/PLA 20/80 blend does indicate some 
limited miscibility around this composition. Also, there was found to be a 
considerable increase in crystallinity of the PLA on blending with PBS, presumably 
because impurities within the PBS can act as crystallisation nuclei for PLA.   
In terms of mechanical properties, it was found that Young’s modulus and tensile 
strength both decreased with increasing concentration of PBS. This is what would be 
expected from adding a flexible, ductile polymer to a rigid, brittle polymer. Young’s 
modulus results lay between predictions from the parallel and series models. 
However, tensile strength results fell below those predicted by the series model 
(lower bound) especially for compositions up to 40 weight % of PBS, implying that in 
this composition range the strength is disproportionately affected by the weaker PBS 
component. Results for elongation-to-break showed a dramatic rise: in the 
composition range of 10 to 40 weight % of PBS, values of 270% to 340% were 
measured. This result suggested that PBS forms a co-continuous phase in this 
composition range. 
Phase morphology was invested by AFM, optical microscopy and SEM. All three 
techniques showed that, in the composition range of 10% to 40% PBS, there is a co-
continuous, fibrillar phase structure. At higher composition ranges PBS becomes the 
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sole continuous phase and PLA is dispersed as spheres with a range of particle 
sizes. These morphologies explain the mechanical properties: the very high ductility 
in the region of two co-continuous phases dropping when PBS is the matrix with PLA 
as the dispersed phase.  
The reason why PBS forms a continuous phase at very low volume fractions can be 
explained by the relative melt viscosities of PBS and PLA in the processing regime 
used in this study. At a temperature of 175ºC and a shear strain rate of 47s-1, the 
shear viscosities of PBS and PLA were measured to be 162 and 1759 Pa.s 
respectively. The ratio of the volume fractions at which a co-continuous phase can 
be formed is reported to be equal to the ratio of the viscosities of the polymers. 
Hence the threshold value for the formation of a co-continuous phase structure in 
this system is calculated to be 0.092, which is a PBS concentration of 8.4 weight %. 
This result explains why when blended with as little as 10 weight % of PBS, the 
ductility of PLA can be transformed. 
The water barrier property of PLA was not significantly changed on the incorporation 
of PBS. PBS has a much higher crystallinity, which provides an impenetrable effect 
to water vapour molecules, but it also has a significantly lower Tg and therefore the 
amorphous region is more flexible. Hence these two effects cancel each other out 
and so there is no advantage to water barrier properties on blending PLA with PBS. 
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5. PBS/PLA-clay composite: Results and Discussion 
In this chapter, it is investigated how incorporation of nanoclay affects the dispersion 
of the polymers in the blend. PBS/PLA-clay composites were prepared as described 
in Section 3.2.2.  
5.1 Crystallinity and Thermal Analysis  
All 18 different PBS/PLA-clay composites were tested using DSC. For each 
formulation, 3 specimens were tested to calculate the average and standard 
deviation. Table 5. 1 shows the glass transition temperature of PLA in the 
composites (Tg), as well as cold crystallization temperature (Tc) and melting 
temperature (Tm) of PBS and PLA for all the composites. When heated from 20°C to 
200°C, the PBS/PLA-clay composites went through the glass transition, and then 
cold crystallization of PBS and PLA, after that comes PBS melting and PLA melting 
separately. There is a small exothermic peak before the PLA melting endothermic 
peak, corresponding to a change of crystal morphology before melting.  
It is clear to see that when 1wt% of clay was incorporated into the neat PBS/PLA 
blends, the glass transition temperature increased by between 3 °C and 6 °C for all 
the composites with different PBS/PLA composition ratios. However, on further 
increasing clay content from 1wt% to 5wt%, the glass transition temperature 
gradually drops. At the same clay concentration, the glass transition temperature of 
composites with different PBS/PLA ratios is not much different. On increasing clay 
concentration from 0wt% to 5wt%, the cold crystallization temperature generally 
decreases. This is perhaps because clay accelerates the crystallization behaviour. 
The melting temperature of PBS and PLA components in the composites decreases 
slightly as clay concentration increases.  
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Table 5. 1 Glass transition temperature, cold crystallization temperature and melting 
temperature of the composites. 
PBS/PLA 
ratio 
Clay 
content 
Tg of PLA Tc Tm of PBS Tm of PLA 
0/100 0wt% 56.0±1.2 °C 102.2±0.8 ºC N/A 170.8±0.4 ºC 
 
1wt% 59.8±0.8 °C 98.4±0.2 ºC N/A 170.8±0.3 ºc 
 
3wt% 58.9±1.0 °C 97.0±0.3 ºC N/A 169.5±0.4 ºC 
 
5wt% 57.4±0.9 °C 94.2±0.4 ºC N/A 170.0±0.1 ºC 
20/80 0wt% 53.3±0.8°C 96±1.2°C 114±0.2°C 170.2±0.2°C 
 
1wt% 59.8±1.8 °C 89.2±0.4 °C 114.9±0.2°C 169.1±0.2°C 
 
3wt% 58.3±1.6 °C 86.8±0.4 °C 113.6±0.4°C 167.9±0.4°C 
 
5wt% 56.7±2.1 °C 88.3±0.5 °C 112.5±0.4°C 167.3±0.3°C 
40/60 0wt% 54.2±1.8°C 97.8±0.3°C 115.2±0.1°C 169.8±0.1°C 
 
1wt% 58.5±0.9 °C 93.9±0.3 °C 115.2±0.3°C 168.5±0.5°C 
 
3wt% 57.7±1.3 °C 90.0±0.4 °C 115.4±0.0°C 167.1±0.4°C 
 
5wt% 56.7±1.0 °C 87.6±0.5°C 114.2±0.1°C 167.5±0.5°C 
60/40 0wt% 54.2±1.6°C 97.8±1.2°C 115.5±0.2°C 169.1±0.2°C 
 
1wt% 59.1±1.1 °C 97.0±0.9 °C 116.9±0.5°C 168.2±0.0°C 
 
3wt% 57.1±1.6 °C 95.1±0.2 °C 115.5±0.5°C 167.1±0.1°C 
 
5wt% 55.9±1.7 °C 93.6±1.5 °C 116.3±0.3°C 166.2±0.3°C 
80/20 0wt% 54.2±1.8°C 98.8±1.7°C 115.8±0.2°C 168.4±0.2°C 
 
1wt% 59.1±1.5 °C 98.7±1.4 °C 117.3±0.2°C 167.4±0.2°C 
 
3wt% 56.2±0.4 °C 96.8±0.8 °C 116.9±0.3°C 166.1±0.2°C 
 
5wt% 52.8±1.8 °C 94.9±0.7 °C 116.6±0.3°C 164.3±0.4°C 
100/0 0wt% N/A 99.6±0 °C 116.7±0.2°C N/A 
 
1wt% N/A 102.2±0.7 °C 117.0±0.4°C N/A 
 
3wt% N/A 99.4±0.3 °C 115.5±0.2°C N/A 
 
5wt% N/A 98.9±1.1 °C 116.4±0.2°C N/A 
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DSC traces of PBS/PLA-clay for all the composition ratios are shown in Figure 5. 1. 
It can be clearly seen that increasing clay will shift the glass transition temperature to 
a lower value and affect the cold crystallization exothermic peak. Just as Table 5. 1 
indicated: at a fixed PBS/PLA ratio, neat PBS/PLA without clay shows the lowest 
glass transition temperature. When 1wt% clay is added to the blend, the glass 
transition temperature significantly increases to values as high as 60 ºC, then with 
further increasing clay concentration in the blend, the glass transition temperatures 
drop again. The shifting of glass transition temperature of the composites indicates a 
good dispersion of clay. That is because clay tends to reduce the chain mobility of 
polymers with surface interaction, thus increasing the glass transaction temperature. 
At an excessive content of clay, it would enhance interfacial free volume due to the 
lower crystallinity of polymer and substantially increase chain mobility, hence 
decreasing glass transition temperature [189]. That explains the drop in glass 
transition temperature from 3wt% to 5wt% of clay content.   
For pure PLA, there is no really obvious cold crystallization and melting peak, but the 
cold crystallization peak and melting peaks become distinguishable in the presence 
of clay. When the PBS/PLA ratio is 20/80, the cold crystallization peak becomes 
smaller as the clay content increases, but the melting peaks (especially the PLA 
melting peak) do not change significantly. This indicates that with the help of PBS, 
clay facilitated the crystallization of PLA during processing, so there is no further PLA 
cold crystallization. When the PBS/PLA ratio is 60/40 or 80/20, the cold 
crystallization peaks split into two with increasing clay concentration. Without the 
presence of clay, PBS has a lower cold crystallization peak than PLA, but PBS has a 
higher cold crystallization peak than PLA with clay added in the blends (Table 5. 1). 
The PLA cold crystallization peak shifted to lower temperature with increasing clay 
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content, which indicates that clay has a stronger effect on the crystallization 
behaviour of PLA than on that of PBS. Therefore, for pure PBS, the DSC curves do 
not show much difference in varying clay content. 
 
Figure 5. 1 DSC traces of PBS/PLA with clay content from 0wt% to 5wt% 
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Due to the overlapping of cold crystallization peaks of PLA and PBS showed in 
Figure 5. 1, it is challenging to calculate PBS crystallinity and PLA crystallinity 
separately. Different heating rates, which were as low as 1°C/min and as high as 
50°C/min, were tried to separate the cold crystallization peaks, but all failed. Hence, 
in order to calculate the crystallinity, an assumption has been made in this section 
that the ratio of PBS cold crystallization enthalpy to its melting enthalpy is 
independent of the composition ratio of the blend but only dependent on the clay 
concentration. This ratio of composites with different clay concentration is shown in 
Table 5. 2.  
Table 5. 2 the ratio of PBS cold crystallization enthalpy to its melting enthalpy of 
different clay content 
Clay content 0wt% 1wt% 3wt% 5wt% 
Ratio 0.107 ± 0.02 0.062±0.04 0.086±0.02 0.074±0.03 
 
Based on this assumption, the crystallinities of PLA and PBS were calculated and 
are recorded in Table 5. 3 and Table 5. 4, respectively.  
Table 5. 3 PLA crystallinity in the composites of different composition ratios 
PBS content 
(wt%) 
0 wt% clay 1 wt% clay 3 wt% clay 5 wt% clay 
0 0±0.3 3.8±0.3 3.9±1.2 3.7±0.8 
20 15.1±0.6 25.8±4.1 34.1±1.0 38.6±0.9 
40 16.5±0.7 9.6±1.1 11.1±2.1 9.4±1.2 
60 17.9±2.2 5.3±2.1 9.5±1.1 5.0±3.1 
80 21.2±7.6 10.4±3.9 10.3±5.7 8.5±4.1 
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Table 5. 4 PBS crystallinity in the composites of different composition ratios 
PBS 
content (wt) 
0 wt% 
clay 
1 wt% 
clay 
3 wt% 
clay 
5 wt% 
clay 
0.2 44.0±1.3 46.1±0.5 49.4±1.0 44.3±0.8 
0.4 50.5±0.8 54.3±1.0 53.4±0.6 50.2±1.2 
0.6 53.0±1.2 53.4±1.5 52.7±1.0 54.6±1.3 
0.8 56.0±1.0 58.0±2.0 58.4±0.8 61.1±0.6 
1 58.1±2.0 51.3±1.3 52.3±0.7 50.2±2.0 
 
PLA crystallinity and PBS crystallinity are also plotted as a function of composition in 
Figure 5. 2 and Figure 5. 3, respectively. In general, increasing PBS content from 
20% to 80% will increase PBS crystallinity but decrease PLA crystallinity regardless 
of the concentration of clay. In PBS/PLA blends, clay has slightly increased the 
crystallinity of PBS. For pure PBS, the crystallinity of PBS clearly decreases with the 
incorporation of clay. Clay induces crystallization behaviour because clay acts as a 
nucleating agent [190]. However, for pure PLA, the incorporation of clay only 
increase 1.5% of PLA crystallinity, the nucleating effect of clay is not very obvious. 
That may be because that some clay particles formed agglomerates, which cannot 
act as nucleating agent. Only when PBS content is 20%, PLA crystallinity is 
dramatically increased by increasing clay concentration, of which at 5wt% clay, PLA 
crystallinity reaches as high as 40%. However, the incorporation of clay decreases 
PLA crystallinity in the blends when PBS content is 40% to 80%. Wu et al. [191] 
have mentioned that clay tends to selectively locate in the PLA matrix when adding 
clay in Poly(ε-caprolactone)/PLA blends. In this study, a similar effect was found for 
PBS/PLA blends. Higher PBS content corresponds to a lower PLA content. 
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Therefore the actual concentration of clay in the PLA matrix will be much higher due 
to the selective localization of clay. Clay may also form agglomerates in PLA matrix, 
therefore, it has an adverse effect on PLA crystallinity. Therefore, when PLA content 
is at or below 60wt%, PLA crystallinity decreases with increasing clay concentration.  
 
 
 
Figure 5. 2 PLA crystallinity as function of PBS content and clay content 
 
141 
 
 
Figure 5. 3 PBS crystallinity as function of PBS content and clay content 
 
5.2 Shear Viscosity  
In order to investigate the mixing conditions of the composites in the Haake Mixer, 
the melt viscosities of PBS, PLA and 20wt%-clay PLA masterbatch at 175ºC were 
determined by capillary rheometry.  The shear rate dependences of the viscosities of 
PBS, PLA and 20wt%-clay PLA masterbatch are plotted in Figure 5.4, from which it 
can be seen that all three melts obey a power law model, as shown in equation (5.1), 
where η is viscosity,  ?̇?𝛾 is shear strain rate and n is the power law exponent.  
𝜂𝜂 = 𝜂𝜂0?̇?𝛾(𝑛𝑛−1)                                   (5.1) 
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It is seen from  Figure 5.4  that the power law relationships for the three melts are as 
follows:  
For PBS:                                          𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃 = 383?̇?𝛾−0.223  
For PLA:                                           𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃 = 10619?̇?𝛾−0.467 
For 20wt%clay PLA masterbatch:    𝜂𝜂𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑟𝑟𝑏𝑏𝑀𝑀𝑀𝑀𝑐𝑐ℎ = 316?̇?𝛾−0.278 
The shear strain rate for PBS and PLA when mixed in the Haake is calculated from 
the Newtonian equivalent expression as an approximate estimation: 
ϒ̇ = 16𝜋𝜋𝜋𝜋 𝛽𝛽2(1 + 𝛽𝛽2)(𝛽𝛽2 − 1) ≈ 2𝜋𝜋𝜋𝜋ln(𝛽𝛽)                             (5.2) 
In equation (5.2), N is the rotor speed and β is the ratio of the wall radius (Re) to the 
rotor radius (R1). For the Haake rheometer, N is 60 rpm, which is 1 revolution per 
second, and Re and R1 are 20 mm and 17.5 mm respectively. Hence, the shear 
strain rate in the Haake is calculated to be 47s-1. Therefore, during mixing the 
viscosities of PBS, PLA and Masterbatch are calculated to be 162.3 Pa.s, 1758.8 
Pa.s and 273.9 Pa.s. With 20wt% clay incorporated in PLA, the viscosity of PLA 
significantly decreases to a value lower than the viscosity of PBS. Literature [192] 
states that the viscosity of a polymer would increase in the presence of low clay 
content. However, when the clay content is as high as 20wt%, the viscosity of the 
composites can be decreased because excessive clay concentration (20wt%) can 
result in slight degradation of polymer chains. Wang et al. [193] found clay could 
enhance the alignment of polymer chains and increase their mobility. That could also 
be the reason for the decreased viscosity. Because of the low viscosity of the 
masterbatch, both PBS and PLA components can easily breakdown masterbatch 
agglomerate. However, the effectiveness of clay dispersion PBS or PLA matrix is 
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unsure as clay have poor compatibility with PBS and may selectively locate in PLA 
matrix and form agglomerates again. The slight degradation of PLA master batch 
may further lead to phase separation of clay and polymer components.  
Figure 5. 4 Shear stress curve for PBS, PLA and 20wt%clay- PLA Masterbatch (η is 
shear viscosity, ?̇?𝜸 is shear rate) 
 
5.3 X-Ray Diffraction  
The wide-angle X-ray diffraction (WAXD) traces from the nano-clay (Cloisite® 30B), 
PBS, PLA and PBS/PLA blend nanocomposites containing 1, 3 and 5 weight% of 
Cloisite® 30B are shown in Figure 5. 5. The diffraction peak of Cloisite 30B has a 2θ 
value of 4.8°. By using equation 5.3, the interlayer spacing of the clay was calculated 
to be 18.4 Å. 
2𝑑𝑑𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑 = 𝑑𝑑𝞴𝞴                        (5.3) 
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(d is the interlayer spacing; λ is the X-ray wavelength, θ is the Bragg angle) 
Figure 5. 5 shows that the XRD peaks of 1wt% clay in all PBS/PLA blends have 
disappeared due to full exfoliation especially for PBS/PLA ratio of 20/80, 60/40 and 
80/20. However, when clay content is 3wt% and 5wt%, the diffraction peaks became 
smaller and also shifted to a lower 2θ value and are still observable for all PBS/PLA 
blending ratios. The small peaks at 2θ=4.8° for PBS/PLA-clay composites with clay 
content higher than 3wt% can still be seen. That suggests that in addition to 
intercalation, some clay may also form agglomerates in the structure and these 
agglomerates will largely affect the mechanical properties of PBS/PLA-clay 
composites. Also with increasing PBS content, the diffraction peaks of the 
composites become bigger. This suggests that for clay above 3wt% concentration, 
full exfoliation was not achieved because the peaks are still observable. Intercalation 
can be confirmed because the peak value shifted to a lower 2θ value. With 
increasing PBS content, the dispersion of clay becomes poor because the peaks 
become more observable.  
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Figure 5. 5 WAXD trace of PBS/PLA-clay composites with various composition 
ratios 
 
The dispersion of clay in pure PBS and pure PLA is not as good as PBS/PLA blends 
because apparent peaks can still be seen. For pure PLA, the X-ray diffraction peak 
shifts to 2θ of 2.6° corresponding to intercalation and the clay layer spacing becomes 
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34.0 Å. For pure PBS the peak shifts to 2θ of 2.8°, which corresponds to an 
interlayer spacing of 31.6 Å. In spite of this, there is a significant broadening of the X-
ray diffraction peaks for pure PBS filled with the clay at 3wt% and 5wt%. This 
indicates that clay tactoids may have formed. 
 
5.4 Tensile Test 
The original data from the tensile tests are shown in  
Table 5. 5, Table 5. 6 and Table 5. 7. The tensile strength and Young’s modulus 
including neat PBS/PLA blends are compared in Figure 5. 6 and Figure 5. 8, 
respectively.  
Regarding the tensile strength, the trend is not very clear due to flaws at the 
interface in the PBS/PLA-clay composites. Analysing the graph vertically, the tensile 
strength generally decreased with increasing PBS content regardless of clay content. 
However, the drop in tensile strength due to PBS becomes larger when the clay 
content is 3wt% or 5wt%. That is because clay tends to gather in the PLA phase. 
With excessive clay present in the PLA phase, the tensile strength of PLA becomes 
weaker and this leads to an overall poor tensile strength of the blends. Figure 5. 7 
shows how PBS content affects tensile strength when clay concentration is 3wt%. 
Pure polymer/clay composites tend to have higher tensile strength compared with 
the blend/clay composites as PLA-clay composites have the highest tensile strength 
and also the tensile strength of PBS-clay composites is higher than PBS/PLA at 
40/60, 60/40 and 80/20. This indicates that clay induced more flaws in PBS/PLA 
blends compared with pure PBS or pure PLA, so that the tensile strength of the 
blends decreased with the incorporation of clay. That is because clay disperses at 
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the interface between PBS and PLA and decreases the interaction between the two 
phases and induces flaws at the interface.  
Table 5. 5 Tensile strength data of PBS/PLA-clay composites 
PBS content wt% 
Tensile Strength (MPa) 
0wt% clay 1wt% clay 3wt% clay 5wt% clay 
0 57.7 ± 1.8 58.5±0.4 53.4±1.9 43.1±5.2 
20 46.0 ± 2.2 49.4±4.4 27.4±5.3 19.9±2.8 
40 39.3 ± 1.5 32.6±4.1 29.3±2.8 27.6±2.8 
60 38.1 ± 2.1 25.9±0.6 24.3±0.6 21.5±1.8 
80 36.1 ± 2.4 24.5±1.1 22.5±0.7 22.0±0.7 
100 34.2 ± 2.1 34.4±0.4 30.5±1.0 28.4±0.4 
 
 
Figure 5. 6 Effect of clay content on the tensile strength of various PBS/PLA blends 
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Figure 5. 7 The effect of PBS content on the tensile strength of the composites when 
clay content is 3wt% 
 
It is clear that Young's modulus of PBS/PLA blends will decrease with increasing 
PBS content regardless of clay content because PBS Young’s modulus is only 17.4% 
of PLA Young’s modulus.  Figure 5. 8 illustrates how PBS contents affect Young’s 
modulus of the composites at a fixed clay concentration (3wt%). From the graphs of 
Young’s modulus, it can be seen that Young’s modulus of the blends generally 
decreases with increasing PBS content in PLA/PBS blends. At a fixed PBS/PLA ratio, 
Young’s modulus is increased up to 30% by increasing clay content from 0wt% to 
5wt%. On the contrary, the tensile strength of a particular PBS/PLA blend was 
149 
 
decreased by increasing clay content, and that is due to higher concentration of clay 
located in the interface of PBS and PLA to disrupt the compatibility of these two 
components. For PBS at 20wt%, the adverse effect of clay on tensile strength and 
the positive effect on Young’s modulus were the most significant. This indicates that 
clay mostly gathers at the interface and in the PLA matrix for 20wt% of PBS content. 
Clay at the interface creates flaws and decreases tensile strength while Young’s 
modulus is likely to be increased when clay evenly disperses in the PLA matrix. 
Table 5. 6 Young’s Modulus data for all PBS/PLA-clay composites 
PBS content 
(wt%) 
Young's modulus (MPa) 
0wt% clay 1wt% clay 3wt% clay 5wt% clay 
0 1672 ± 67 1583±28 1729±89 1722±122 
20 1262 ± 85 1188±102 1716±82 1677±182 
40 988 ± 58 1029±48 1119±22 1175±42 
60 704 ± 46 706±25 766±8 803±20 
80 498 ± 41 532±7 501±21 526±17 
100 387 ± 46 416±15 449±16 513±15 
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Figure 5. 8 Effect of clay content on Young’s modulus of various PBS/PLA blends 
 
Figure 5. 9 The effect of PBS content on Young’s modulus of the composites when 
clay content is 3wt% 
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The negative effect of clay on the ductility of PBS/PLA blends is significant as shown 
in Table 5. 7 and Figure 5. 10. For PBS/PLA with a ratio of 20/80 or 40/60, the 
ductility is dramatically decreased by the incorporation of clay even at 1wt% of clay 
concentration. One example of PBS/PLA-clay of 20/80-1wt% is shown in Figure 5. 
11. It shows that 20/80-1 composite breaks immediately after the extension load was 
applied. This is because the co-continuous phase formed by PBS and PLA was 
destroyed by the presence of clay as literature [125], [140] has suggested that clay 
can reduce the polymer matrix domain size. It is somewhat complicated how clay will 
affect the formation of the co-continuous phase. On the one hand, at the interface 
clay can reduce interfacial tension and that means the ability to form a co-continuous 
phase and remain stable is increased. On the other hand, clay will also reduce 
coalescence and enhance interfacial viscosity [29]. Reduced coalescence will hinder 
the formation of the co-continuous phase while the rise in interfacial viscosity can 
prevent a drop or thread to deform. The effects of clay on co-continuity formation are 
contradictory. From the results of the tensile test, it is clear to see that the adverse 
effect of clay on co-continuous phase formation largely exceeds the positive effect 
because the co-continuous phase has completely disappeared in the composites.  
In addition, the selective localization of clay at the interface between PBS and PLA 
decreases the bonding between the two phases and induces flaws in the composites, 
therefore decreasing the ductility. It can be seen that pure PBS displays the highest 
elongation at break with the incorporation of clay because for more PBS, there is 
PLA interface for clay to selectively localize at and there is no co-continuous phase 
in pure PBS to be destroyed. That is also the reason why PLA-clay composites show 
some degree of ductility compared with the other blends. The adverse effect of clay 
on the ductility of PBS/PLA with blending ratio of 60/40 and 80/20 is relatively small 
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as those blends are already very brittle. As XRD results suggested, there may also 
have some area in the blends where clay forms agglomerates and in these areas, 
phase-separated structure of clay and polymer is formed, which would significantly 
decrease the mechanical properties.  
Table 5. 7 Elongation at break of all PBS/PLA-clay composites 
PBS content 
wt% 
Elongation at break (MPa) 
0wt% clay 1wt% clay 3wt% clay 5wt% clay 
0 9.1 ± 2.4 12.3±2.7 6.0±0.4 4.7±0.5 
20 323.2 ± 19.8 9.4±0.5 4.3±1.9 3.4±0.9 
40 338.1 ± 28.7 5.5±0.9 4.6±0.5 4.3±0.4 
60 19.0 ± 8.2 7.3±0.4 5.7±0.2 4.8±0.4 
80 24.5 ± 14.0 10.3±0.9 8.2±0.4 7.8±0.4 
100 241.3 ± 14.6 20.5±1.5 23.9±7.6 16.5±1.8 
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Figure 5. 10 Effect of clay on elongation at break of PBS/PLA blends 
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Figure 5. 11 Stress-strain curve of PBS/PLA-clay (20/80-1wt%) 
 
5.5 Morphology 
5.5.1 Optical microscopy  
The effect of clay content on the morphology of PBS/PLA blends with the PBS/PLA 
ratios of 20/80, 40/60, 6040 and 80/20 is shown in the optical micrographs of Figure 
5. 12, Figure 5. 13, Figure 5. 14 and Figure 5. 15. Phase separation can be 
observed in all the blends. The presence of clay has decreases the domain sizes of 
both PLA and PBS. Therefore the compatibility of PBS and PLA is manifestly 
increased by the incorporation of clay. However, the ductility of PBS/PLA blends of 
20/80 and 40/60 were dramatically decreased although the compatibility was 
increased by clay. This is attributed to the fact that the co-continuous phase formed 
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by PBS and PLA was destroyed when the domain size of two components became 
finer.  
For all the figures, it is clear to see the domain size of the two components was 
gradually decreased by increasing clay concentration from 0wt% to 5wt% regardless 
of the PBS/PLA ratio. The most significant decrease in domain size is when clay 
content increases from 0wt% to 1wt%. This indicates that the continuous phase in 
the blends would be primarily eliminated even at a very low level of clay. This 
explains the dramatic drop in elongation-at-break on incorporating clay in the blends 
as shown in Figure 5. 10.  
 
 
Figure 5. 12 Optical micrographs of PBS/PLA-clay with PBS/PLA ratio of 20/80 
 
156 
 
 
Figure 5. 13 Optical micrographs of PBS/PLA-clay with PBS/PLA ratio of 40/60 
 
Figure 5. 14 Optical micrographs of PBS/PLA-clay with PBS/PLA ratio of 60/40 
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Figure 5. 15 Optical micrographs of PBS/PLA-clay with PBS/PLA ratio of 80/20 
 
The cross-polarized optical microscopy images of PBS/PLA blends with polymer 
component ratios of 20/80, 40/60 and 60/40 and clay content of 0, 1 and 3wt% are 
shown in Figure 5. 16. Because there was no difference in blends with 3 wt% clay 
and 5 wt% clay, optical micrographs of the blends with 5 wt% clay are not included in 
the Figure. From the cross-polarized images, it is clear that the clay significantly 
decreases the domain size of the polymer components. The co-continuous phase 
formed in PBS/PLA blends of 20/80 and 40/60 composition ratios has been 
destroyed by the incorporation of clay.  In addition, clay particles are mostly present 
at the interface of the blending system[194]. Therefore the bonding effect of these 
two phases becomes weak, resulting in worse tensile strength and ductility. For the 
blend with PBS/PLA ratio of 60/40, clay reduced the size of the unevenly dispersed 
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PLA particles in the PBS matrix. It is seen that the large non-crystalline droplets have 
disappeared in the presence of clay.  
 
 
Figure 5. 16 Cross-polarized optical microscopy images of PBS/PLA-clay 
composites 
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5.5.2 Scanning Electron Microscopy  
Scanning Electron Micrographs of the series of blends are shown in Figure 5. 17. 
 
Figure 5. 17 Scanning Electron Micrographs of Fractured Surfaces of PBS/PLA-clay 
composites 
 
These scanning electron micrographs are fracture surfaces from the tensile testing 
experiments. PBS/PLA blends of 20/80 and 40/60 without clay incorporation clearly 
demonstrates ductility because in these two samples fibrils drawn from the surface 
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can be observed. Especially in the 40/60-0 sample, it can be seen that the PBS 
formed a very thin continuous phase, which deformed and broke under stress after 
the breakdown of PLA continuous phase. Therefore, highly ductile behaviour can be 
obtained by these two blends. In the presence of clay in PBS/PLA blends of 20/80 
and 40/60, the co-continuous phase structure disappeared, and PBS became very 
tiny droplets dispersed in the PLA matrix. By increasing clay content from 1wt% to 
5wt%, the PBS droplets became finer and the structure became more brittle. Some 
deformed fibrils can also be seen in PBS/PLA20/80 and PBS/PLA40/60, but the 
fibrils are very thin and look quite brittle. 
Figure 5. 18 shows the morphology of PBS/PLA20/80 blends with increasing clay 
content from 0wt% to 5wt%. The deformed fibrils are ductile without clay but with 
clay are brittle and become thinner with a higher clay concentration. The bonding 
effect between the fibrils and the matrix appears weak as many hollows can be seen 
around the fibrils. Without the presence of clay, there is a ductile morphology due to 
the co-continuous phase structure. During the tensile test, the PBS phase was 
elongated while the PLA phase broke. At 1 wt% of clay content, the structure 
immediately becomes brittle, and when the clay content reaches 5wt%, the brittle 
structure becomes finer.  The morphology change of PBS/PLA40/60 by increasing 
clay content is similar to that of PBS/PLA20/80. For PBS/PLA40/60, the co-
continuous phase was also destroyed by the incorporation of clay.  
For PBS/PLA80/20 (Figure 5. 17), the neat PBS/PLA blend shows no uniform 
structure as the PLA droplets are poorly dispersed in the PBS phase with a wide 
range of sizes varying from sub-micron to tens of microns. With the incorporation of 
clay, the poorly dispersed droplets of PLA disappeared, and a uniformly mixed 
structure can be seen. However, the bonding between the PBS and PLA matrix 
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becomes weak as many holes, and a lamellar structure can also be observed. This 
is the reason why the ductility of PBS/PLA80/20 was not improved by the 
incorporation of clay.  
 
Figure 5. 18 Scanning Electron Micrographs of PBS/PLA20/80 with 0 wt%, 1wt%, 
3wt% and 5wt% clay concentration 
 
The ductility of pure PBS and PLA becomes poor in the presence of clay. For PLA, 
the inherent bonding strength becomes weak as the structure of pure PLA with 3wt% 
clay shows a porous fracture surface (Figure 5. 19). However, pure PLA is brittle 
already, so the effect of clay on the ductility of PLA is not very significant although 
the ductility of PLA became worse when clay content reached 3wt%. One reason is 
that excessive nanoparticles can act as stress concentration points, which leads to 
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the progression of cracks at the interface between nanoparticles and PLA matrix 
[195]. Dehaghani et al. [196] found similar results for their PP/PLA/clay 
nanocomposites. One other reason is that organic modifier, such as quaternary 
amine, contained in Cloisite 30B is not compatible with PLA matrix or may even 
induce rapid thermal degradation of PLA [197].  
For PBS, clay breaks the PBS matrix into the separated bulk. Therefore, the 
adhesion between clay and PBS played an important role in affecting the mechanical 
properties of PBS. The incompatibility of clay and PBS is the reason for the 
brittleness of the PBS matrix, and clay also decreases the bonding effect at the 
interfaces between PBS and PLA. This explains why the incorporation of clay in the 
blends dramatically decreases the elongation at break.  
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Figure 5. 19 SEM images of neat PBS and PLA, PBS and PLA with 3wt% of clay 
incorporation 
 
Energy-dispersive X-ray spectroscopy on SEM also needed to investigate PBS/PLA-
clay composites. PBS/PLA-clay composites of 20/80-3 and 80/20-3 were chosen to 
discover how the PBS/PLA composition ratio affects clay distribution (Figure 5. 20).  
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In the composite samples, only the clay contains silicon, so silicon mapping indicates 
the distribution of clay in the polymer matrix. In the 20/80-3 composites, silicon was 
uniformly dispersed in the matrix, whereas clay aggregation was observed in the 
80/20-3wt% composite. Other samples also show the trend that increasing PBS 
content in PBS/PLA blends will tend to increase the possibility of clay agglomeration. 
This confirms the fact that clay can easily disperse in the PLA matrix but not in PBS. 
Therefore clay will selectively locate in the PLA matrix as opposed to the PBS matrix 
in PBS/PLA blends.  
When clay is 1wt%, clay aggregation cannot be observed at any PBS/PLA ratios. 
The selective location of clay in the PLA phase will tend to decrease the mechanical 
properties of the blends when the PLA content is low because excessive clay in the 
PLA matrix will make the blends brittle.  
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Figure 5. 20 EDS images of PBS/PLA-clay (20/80-3 and 80/20-3) with electron 
background images, elements of carbon and silicon distribution map 
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5.5.3 Transmission Electron Microscopy  
Transmission electron micrographs of PBS/PLA20/80 containing 3wt% and 5wt% 
clay are shown in Figure 5. 21 and Figure 5. 22. It was demonstrated in both XRD 
and EDS experiments that the clay dispersion in the blends became worse on 
increasing the PBS content in the blend. In the sample of 20/80-3wt%, exfoliated and 
intercalated clay layers can be seen, whereas in 20/80-5wt%, only intercalated and 
agglomerated clay layers can be observed in the structure. For all the PBS/PLA-clay 
composites, the mechanical properties are inferior, therefore, the mechanical test 
again confirms the fact that the negative effect of clay on mechanical properties of 
PBS/PLA blends is not due to its poor dispersion, instead is attributed to the fact that 
clay will destroy the co-continuous phase by reducing particle size and create a 
porous structure in the PBS/PLA matrix, therefore leading to brittleness.  
Because of the softness of PBS, PBS/PLA-clay with PBS content higher than 20wt% 
or PBS/PLA20/80 with 1wt% clay cannot be cut successfully into thin samples and 
analysed under TEM. Hence only PBS/PLA20/80 with 3wt% and 5wt% clay content 
was investigated under TEM.    
Figure 5. 21 TEM images of PBS/PLA-clay of 20/80-3wt% and 20/80-5wt% at 
magnification of 50k 
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Figure 5. 22 TEM images of PBS/PLA-clay of 20/80-3wt% and 20/80-5wt% at the 
magnification of 100k 
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5.6 Water vapour permeability measurement 
Water vapour permeability results for all the PBS/PLA-clay composites with different 
composition ratios are shown in Figure 5. 23. The water barrier properties are 
similar regardless of the PBS/PLA ratio when there is no clay present. The presence 
of clay enlarged the differences in water barrier properties between blends with 
different PBS/PLA ratios.  
It is clear that when PLA content is higher than PBS content in the blends, the water 
barrier properties are improved by increasing clay concentration, but increasing PBS 
content tends to restrict the improvements. When PBS content is higher than the 
PLA content, the improvement is insignificant or even makes the barrier properties 
become worse. This is attributed to the reduced dispersion of clay in the PBS matrix, 
as shown in the morphology study. Neat PLA-clay composites showed the best 
water barrier improvements while PBS/PLA80/20 shows the worst result. The clay 
effect on water barrier properties of PBS/PLA 80/20 is even worse than neat PBS-
clay composites. This is due to the fact that excessive clay particles located at the 
interface between PLA and PBS result in gaps and flaws at the interface. Therefore, 
only when the PBS content is low can the incorporation of clay improve the water 
barrier properties of the blends. 
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Figure 5. 23 Water vapour permeability results for all the PBS/PLA-clay composites 
 
Table 5. 8 Raw data of water vapour permeability for PBS/PLA-clay composites 
PBS 
content 
(wt%) 
Water Vapour permeability (gm-mil/[m2-day] 
0wt% clay 1wt% clay 3wt% clay 5wt% clay 
0 187±5 167±4 137±2 124±6 
20 191±3 185±11 166±8 149±5 
40 193±5 187±3 168±4 162±4 
60 196±1 187±6 190±2 187±2 
80 196±1 203±1 204±6 210±5 
100 191±1 191±4 193±2 192±3 
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5.7 Conclusions 
The incorporation of clay has no effect in improving the miscibility of PBS and PLA, 
but it can improve the compatibility between PBS and PLA as clay can significantly 
decrease the size of both PLA and PBS phase, resulting in a finer morphology. Clay 
particles destroy the co-continuous phase of PBS and PLA by creating a finer more 
dispersed structure. Therefore the elongation at break of PBS/PLA20/80 and 
PBS/PLA 40/60 was dramatically decreased from above 300% to less than 15%. For 
clay contents of 1wt% and 3wt%, intercalation and exfoliation are observed in the 
composites, whereas only agglomerated and intercalated clay layers can be seen 
when the clay content is 5wt%. Clay dispersion becomes worse on increasing PBS 
content in PBS/PLA blends because PBS is incompatible with clay particles.  
Glass transition temperatures of the blends were increased from approximately 55°C 
to around 60°C by adding 1wt% of clay in the blends. The glass transition 
temperature decreased on further addition of clay. Increasing PBS content tends to 
shift glass transition to a lower value, suggesting PBS and PLA do have limited 
miscibility. Clay slightly increased PBS crystallinity in PBS/PLA blends for all the 
composition ratios while PLA crystallinity was only increased by the incorporation of 
clay at PBS/PLA20/80.  
Only Young’s modulus of the composites was slightly increased by the incorporation 
of clay, whereas Tensile strength was decreased by adding clay because flaws were 
introduced at the interface between PBS and PLA. Elongation at break of the 
composites was dramatically decreased in the presence of clay. Clay makes the 
polymer matrix become brittle, and the co-continuous phase disappears as clay 
makes the structure finer. Also, clay may act as a stress concentrator to accelerate 
the progress of cracks, and the modifier contained in organo-clay can even lead to 
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thermal degradation of PLA. The incompatibility between clay and PBS is the main 
reason for the sharp decrease in the ductility of PBS. 
Adding clay tends to improve the water barrier properties of the composites only 
when the PBS content is lower than the PLA content. When the PBS content is 
higher than the PLA, the improvements become insignificant or even harmful. The 
improvement of clay on water barrier properties is most significant in pure PLA, 
whereas for pure PBS, the clay does not have any effect on water barrier properties. 
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6. PBAT/PLA blends – Results and Discussion 
Poly(butylene adipate-co-terephthalate) (PBAT) was chosen as another flexible, 
biodegradable polymer suitable for blending with PLA to improve ductility. Another 
purpose of blending PBAT with PLA was to confirm the co-continuous phase model 
discovered with the experiments on PBS/PLA blends. 
6.1 Crystallinity and Thermal Properties  
DSC was applied to the PBAT/PLA blends. On heating from 20°C to 180°C, PLA 
goes through the glass transition (55°C±1.5°C), cold crystallization (100°C±3°C) and 
melting (169°C±2°C). The glass transition temperature of PBAT is -30°C. PBAT is a 
random copolymer and therefore does not have a sufficiently symmetrical structure 
to give high levels of crystallinity. However, there is a very broad and shallow 
endotherm around 100 - 120ºC indicating some crystallisation of PBAT. Figure 6. 1 
shows DSC traces of PBAT/PLA blends. 
DSC results show that the glass transition temperature (Tg) of the blends barely 
changes regardless of the concentration of PBAT, which indicates that PBAT is not 
miscible with PLA. According to the rule of mixing, if the amorphous regions of the 
PBAT are miscible with the amorphous regions of the PLA, then there should be a 
shift in the glass transition temperature of the blend according to the Fox equation 
[186]: 
    1
𝑅𝑅𝑔𝑔
 = ω(PBAT)
𝑅𝑅𝑔𝑔(PBAT) + ω(PLA)𝑅𝑅𝑔𝑔(PLA)                                                      (6.1) 
In equation (6.1), Tg is the glass transition temperature of the blend in K; 𝑇𝑇𝑔𝑔(𝑃𝑃𝐵𝐵𝑃𝑃𝑇𝑇) is 
the glass transition temperature of PBAT, which is 239K; 𝑇𝑇𝑔𝑔(𝑃𝑃𝐿𝐿𝑃𝑃)  is the glass 
transition temperature of PLA, which is 332K; 𝜔𝜔(𝑃𝑃𝐵𝐵𝑃𝑃𝑇𝑇) is the weight fraction of 
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amorphous PBAT in the total amorphous region; 𝜔𝜔(𝑃𝑃𝐿𝐿𝑃𝑃) is the weight fraction of 
amorphous PLA in the total amorphous region. When PBAT is 20wt%, 𝜔𝜔(𝑃𝑃𝐵𝐵𝑃𝑃𝑇𝑇) is 
21.46% and 𝜔𝜔(𝑃𝑃𝐿𝐿𝑃𝑃)  is 78.54%. The measured and theoretical values of Tg are 
compared in Table 6. 1. From these data it appears that PLA is not miscible with 
PBAT at any point above 20 wt% of PBAT. 
 
 
Figure 6. 1 DSC traces of PBAT/PLA blends 
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Table 6. 1 Glass transition temperature of PBAT/PLA blends 
PBAT 
(wt%) 
0 20 40 60 80 
Measured 
Tg (°C) 
55.8 ± 1.8 54.4 ± 0.2 54.8 ± 0.3 56.3 ± 0.3 56.6 ± 0.2 
Theoretical 
Tg (°C) 
N/A 33.4 11.5 -7.2 -22.8 
 
Crystallinity was also measured from the DSC traces. However, being a random 
copolymer, PBAT does not crystallize to a great extent, but from the very broad and 
shallow endotherm, it seems that PBAT shows a certain degree of crystallization. For 
PBAT, ∆𝐻𝐻100 = 114 𝐽𝐽/𝑔𝑔  [147], [159] and it was calculated that the degree of 
crystallinity of 100% PBAT was 8.8±0.7%. For PBAT/PLA blends, since the melting 
peak of PBAT cannot be distinguished from the cold crystallization peak of PLA, it is 
very difficult to calculate the crystallinity of PBAT in the blends.  
Results for the cold crystallisation temperature (Tc) and enthalpy (ΔHc), melting 
temperature (Tm) and enthalpy (ΔHm), and degree of crystallinity (%Xc) of PLA in the 
blends are summarised in  
Table 6. 2. It is seen that the cold crystallisation temperature is slightly reduced, 
particularly for blends 20/80 and 80/20, implying that crystallisation of PLA is 
facilitated. Also, PLA is found to show a higher degree of crystallisation as the 
amount of PBAT in the formulation increased. This somewhat surprising result is 
plotted in Figure 6. 2. It implies that PBAT can act as a nucleating agent for 
crystallisation of PLA. 
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Table 6. 2 Cold crystallisation, melting and crystallinity of PLA in PBAT/PLA Blends 
PBAT/PLA 
Blends 
Tc 
(ºC) 
Tm 
(ºC) 
ΔHc 
(J/g) 
ΔHm 
(J/g) 
%Xc 
0/100 102.2 ± 0.4 170.8 ± 0.4 33.6 ± 1.0 35.1 ± 1.0 2.1 ± 0.1% 
20/80 99.5 ± 0.5 169.0 ± 0.3 19.2 ± 0.5 25.6 ± 0.1 8.5% ± 0.8% 
40/60 100.9 ± 0.5 168.7 ± 0.5 13.2 ± 0.1 19.5 ± 0.6 11.2% ± 1.1% 
60/40 102.5 ± 0.9 168.7 ± 0.7 7.4 ± 0.6 13.3 ± 0.9 15.6% ± 1.1% 
80/20 96.7 ± 0.5 167.7 ± 0.2 1.8 ± 0.03 6.2 ± 0.3 23.5% ± 1.5% 
 
There are a number of studies that have reported on the crystallisation behaviour of 
PLA/PBAT blends. There are mixed results on whether PBAT increases or 
decreases the crystallinity of PLA. However, there does appear to be a consensus 
that PBAT increases the crystallisation rate of PLA. Yeh et al. [13] found that the 
percentage crystallinity of PLA in melt-compounded blends reduced gradually as the 
PBAT content increased. Chiu et al. [15] investigated heat treatment effects and 
obtained high levels of crystallinity but again reported a decrease in crystallinity of 
PLA with increasing PBAT content. Liu et al. [12] investigated the nonisothermal 
crystallisation kinetics of poly(L-lactide) PLLA/PBAT blends. They also reported that 
crystallinity of the PLLA-rich phase decreased with increasing PBAT content. 
However, they found that the crystallisation rate coefficients of the blend membranes 
were higher than those of the original PLLA, suggesting that amorphous domains of 
PBAT serve as effective nucleation sites for PLLA. In their study, Xiao et al. [17] 
observed that the degree of crystallinity of PLA in PLA/PBAT blends was markedly 
increased and there was found to be an increase in crystallisation rate with increase 
176 
 
in PBAT content. Jiang et al. [16] investigated recrystallization of both neat PLA and 
a PLA-5% PBAT blend. They found that the blend started to crystallise at a lower 
temperature than the neat PLA, suggesting the presence of a new crystalline 
structure induced by PBAT.  
 
Figure 6. 2 Effect of PBAT content on PLA crystallinity 
 
These results verify that the degree of crystallization of PLA increases with 
increasing content of PBAT, implying that PBAT serves as nucleation sites for PLA 
crystallization.  
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6.2 Melt Rheology  
The shear viscosities of PLA and PBAT were measured by using capillary rheometry 
at 175℃. The shear rate and shear viscosity of PBAT are shown in Table 6. 3. The 
variation of the shear viscosities of PLA and PBAT with increasing shear strain rate 
is shown in Figure 6. 3. It is clear from Figure 6. 3 that the melts of both PLA and 
PBAT are shear thinning fluids. To describe the relationship between shear viscosity 
and shear strain rate, the power law, shown in equation (6.2), was applied. 
𝜂𝜂 = 𝜂𝜂0?̇?𝛾(𝑛𝑛−1) … … … … … … … … … … … … … … … . . (6.2) 
In this equation, η is shear viscosity; η0 is the consistency index; γ̇ is shear strain 
rate and n is the power law index. The shear viscosity of PLA was measured again 
to compare with PBAT. The viscosity measured at this time is slightly different from 
that in section 4.2 when the viscosity of PLA was measured to compare with that of 
PBS. However, the difference is minimal and both of the shear viscosities predict a 
similar phase inversion point. 
PBS 
Shear rate  Shear viscosity  
(s-1) (Pa.s) 
20 461.47 
50.24 401.61 
125.69 340.84 
317.33 260.12 
796.03 189.73 
2000.17 123.75 
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Taking logarithms of both sides of equation (6.2) gives the relationship between 
shear viscosity and shear strain rate shown in equation (6.3). This is plotted in 
Figure 6. 3 to obtain the values of n and η0. 
log10(η) = (n-1)log10(γ̇) + log10(η0) …………………………………(6.3) 
 
Figure 6. 3 Shear strain rate dependence of the shear viscosities of PBAT and PLA 
 
The slope and intercept for PLA in Figure 6. 3 are -0.524 and 4.1455, so for PLA; n 
= 0.476, η0 = 13980, ηPLA = 13980γ̇−0.524. For PBAT, the slope from Figure 6. 3 is    
-0.282 and the intercept is 3.0806 and so the relevant parameters are n = 0.718, η0 
= 1204 and ηPBAT = 1204γ̇−0.282. 
To transform the rotor speed of the Haake mixer to shear strain rate, the Newtonian 
equivalent expression [187], shown in equation (6.4), was applied.  
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ϒ̇ = 16𝜋𝜋𝜋𝜋 𝛽𝛽2(1 + 𝛽𝛽2)(𝛽𝛽2 − 1) ≈ 2𝜋𝜋𝜋𝜋ln(𝛽𝛽)                                                    (6.4) 
In equation (6.4), Υ̇ is the shear strain rate, N represents the rotor speed, β is the 
value of the wall radius (Re) divided by the rotor radius (R1). The rotor speed of the 
Haake mixer was 60 rpm, which means 60 revolutions per minute. The wall radius 
and rotor radius are 20mm and 17.5mm. So the shear strain rate of the mixing 
process in the Haake mixer was calculated to be 47s-1. By substituting a shear strain 
rate of 47s-1 into the appropriate viscosity equations, the shear viscosities of PLA 
and PBAT were calculated to be 1859 Pa.s and 406 Pa.s respectively. 
These results show that the viscosity of PBAT is much lower than that of PLA at the 
processing conditions. The viscosity ratio of PBAT to PLA is 0.218. According to 
equation (6.1), the ratio of the volume fractions of two polymers at which a co-
continuous phase structure begins to form is determined by the ratio of their melt 
viscosities during processing. So when the value of φPBAT/φPLA reaches 0.218, a co-
continuous phase should begin to form if equation (6.1) is valid in this case. Because 
the density of PBAT (1.25 g/cm3) and that of PLA (1.25g cm−3-1.27 𝑔𝑔/cm3) are 
almost same, the weight fraction of each component was regarded to be the same 
as its volume fraction. Hence, the critical value of φPBAT to form a co-continuous 
phase is calculated to be 17.9 wt%. Thus when the content of PBAT reaches 17.9 
wt % , a co-continuous phase structure should start to form and significant 
improvement in ductility would be expected. On using the PLA viscosity measured 
from chapter 4, the phase inversion point is calculated to be 18.4wt%, which is 
similar to 17.9wt% calculated in this section.  
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A polynomial model can also be applied to predict the viscosity of PLA and PBAT, 
shown in equation (6.5). (Coefficients A0,  A1  and A2 are three material parameters.) 
log ŋ = 𝑃𝑃0 + 𝑃𝑃1 log(ϒ̇) + 𝑃𝑃2 log(ϒ̇)2 … … … … … … … … … … … … . . (6.5) 
 
Figure 6. 4 Shear strain rate dependence of the shear viscosities of PBAT and PLA, 
regression with Polynomial model. 
 
Comparing the value of R2 in the Power law and Polynomial models in Figure 6. 4, it 
can be seen that the Polynomial model gives a better fit. Substituting a shear strain 
rate of 47 s-1 into equation (6.5) gives the value of shear viscosity of 1760 Pa.s and 
413 Pa.s for PLA and PBAT respectively. The critical value of φPBAT to form a co-
continuous phase is calculated to be 19.0 wt%. Since the Polynomial model gives a 
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better fit to the viscosity data, the value of 19.0 wt% is taken as the more accurate 
prediction of the co-continuous phase.  
6.3 Optical microscopy  
Optical microscopy was used to study the phase structure of the blends. The images 
for bright field illumination are shown in Figure 6. 5, whereas those for cross-
polarized light illumination are shown in Figure 6. 6.  
 
 
Figure 6. 5 Optical micrographs of PBAT/PLA blends – bright field 
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From the bright field micrographs in Figure 6. 5, it is seen that there is phase 
separation in all four of the blends shown in the figure. The sample at the 
composition of 20/80 PBAT/PLA has a fine structure with the PBAT well dispersed in 
the PLA. From the viscosity ratio calculation in section 6.2, it was predicted that a co-
continuous phase structure should be formed at a concentration of PBAT of 19.0 
wt%. There is evidence from the optical micrograph that PBAT forms a continuous 
phase at the 20/80 composition ratio, thereby confirming a co-continuous phase 
structure. At the 40/60 composition ratio, the co-continuous phase structure is still 
evident but the structure has started to coarsen with distinct droplets being visible, 
although the co-continuous phase structure is still evident inside the droplets. 
At the 60/40 composition ratio, a change has taken place. It appears that PBAT has 
become the sole continuous phase with droplets of PLA of various sizes within the 
PBAT matrix. The reason for the large droplets of PLA in the PBAT matrix is 
because of the difference in melt viscosities of the two polymers. Due to its high melt 
viscosity, PLA droplets will not become easily broken down and dispersed in the 
PBAT matrix. Therefore, at this composition ratio (60/40), the co-continuous phase 
structure was replaced by a PBAT matrix containing unevenly dispersed PLA. 
However, for the 80/20 sample, there is a finer structure without the coarse PLA 
droplets. This is because at the much higher PBAT/PLA concentration ratio, the PLA 
droplets break up much more readily. The adverse effect of the brittleness of PLA 
would become smaller as the PLA particles were broken down and less internal 
flaws were created. This morphological change would indicate good ductility for 
PBAT/PLA blends with ratios of 20/80 and 40/60 but poor ductility for 
PBAT/PLA60/40.   
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Figure 6. 6 Optical micrographs of PBAT/PLA blends using crossed polar 
 
For images taken with cross-polarized light (Figure 6. 6), the sample containing 100% 
PLA has only 2% crystallinity and so, being virtually amorphous, is black. However, 
100% of PBS was found to be 8.8% crystalline and therefore is more birefringent and 
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appears brighter. These images also showed some degree of co-continuous phase. 
However, for PBAT/PLA of 20/80 and 80/20, not much information can be seen as 
the magnification of the optical microscope is not high enough. These two images 
show very fine structure presenting in the blends.  
 For PBAT/PLA40/60, the co-continuous phase can be seen as the black area and 
light area interlocked with each other. For PBAT/PLA 60/40, it is apparent to see one 
component is dispersed within the other component, so no co-continuous phase 
structure. Besides, the interface of the two components in PBAT/PLA60/40 is 
brighter than the rest, implying a higher crystallinity at the interface. This could 
further indicate that PBAT can increase the crystallinity of PLA by acting as a 
nucleating agent.  
 
6.4 Tensile test  
Tensile testing was used to determine the mechanical properties of PBAT/PLA 
blends and to look for evidence of co-continuous phase formation. There was 
expected to be enhanced ductility of the blends in a region of dual phase continuity. 
The raw data of Young’s modulus, tensile strength and elongation at break from the 
tensile test are shown in Table 6. 3. 
The results of Young’s modulus and tensile strength of the various blends are plotted 
as a function of PBAT content in Figure 6. 7 and Figure 6. 8, respectively. Both 
Young’s modulus and tensile strength decrease with increasing PBAT content. This 
result was not unexpected on adding increasing levels of a soft, flexible material to a 
hard, rigid one.  
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Table 6. 3 Tensile properties of PBAT/PLA blends 
PBAT content 
(wt%) 
Young's modulus 
(MPa) 
Tensile strength 
 (MPa) 
Elongation at break 
(%) 
0 1671.8±67.3 57.7±1.8 9.1±2.4 
10 1373.2±68.3 52.6±2.0 13.1±2.6 
20 1183.8±40.0 45.2±1.2 319.1±24.8 
40 966.1±85.8 31.6±2.1 337.6±56.7 
50 363.4±51.1 18.8±1.2 120.1±26.9 
60 245.4±86.0 15.5±1.0 115.9±27.6 
80 78.6±16.2 17.4±1.0 701.0±155.9 
100 48.8±12.6 22.1±0.2 N/A 
 
 
Figure 6. 7 The effect of PBAT content on Young’s modulus 
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Two models that are often used to predict the behaviour of composites or blends are 
the Parallel and Series models, written for modulus in equations (6.5) and (6.6).  
Parallel Model                       𝐸𝐸𝑏𝑏 = 𝜑𝜑1𝐸𝐸1 + 𝜑𝜑2𝐸𝐸2                                (6.5) 
Series Model                         𝐸𝐸𝑏𝑏 = 𝐸𝐸1𝐸𝐸2(𝜑𝜑1𝐸𝐸2+𝜑𝜑2𝐸𝐸1)                                     (6.6) 
In these equations 𝐸𝐸1 and  𝐸𝐸2 are the moduli of components 1 and 2 respectively, 
while 𝐸𝐸𝑏𝑏  is the modulus of the blend. 𝜑𝜑1  and 𝜑𝜑2  are the volume fractions of 
components 1 and 2. These two models represent the upper and lower predicted 
boundaries of behaviour. The Parallel model assumes that the continuous phase 
consists of the higher modulus polymer and therefore represents the upper boundary, 
whereas the lower boundary is represented by the Series model, which assumes 
that the lower modulus component is the continuous phase. In this case the higher 
modulus polymer is PLA (1672 MPa) and the lower modulus polymer is PBAT (50 
MPa).  
The Young’s moduli of all the blends fall into the range between the Parallel and 
Series models, suggesting that PBAT and PLA are compatible even though they are 
not miscible. Up to 40 wt% of PBAT, the blend modulus tracks the Parallel model, 
which indicates that PLA is acting as a continuous (or co-continuous phase). 
However, it is interesting to see that when the PBAT content increases above 40 
wt%, there is a dramatic decrease in Young’s modulus. Between 50 and 100 wt% of 
PBAT, Young’s modulus data are tracking the Series model. This indicates that from 
50 wt% and above, PBAT is the continuous phase with PLA dispersed within it. 
In Figure 6. 8 it is seen that tensile strength drops below the lower boundary when 
the PBAT content increases above 30wt%. There is a very steep drop in tensile 
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strength between 40 and 50wt%. This confirms a very significant change in 
morphology in this region with PBAT becoming the continuous phase and with the 
poor interaction between the phases. PBAT/PLA60/40 shows the lowest tensile 
strength because the continuous phase of PLA disappeared at this point and 
unevenly dispersed PLA droplets cannot be adequately broken down. This 
morphology will initiate cracks and gaps at the interface between PLA and PBAT. 
 
Figure 6. 8 The effect of PBAT content on tensile strength 
 
The results of elongation-at-break are plotted as a function of PBAT content in 
Figure 6. 9, which shows a very significant increase (from around 10% up to 300%) 
in the composition range between 10 – 20 wt% PBAT. This improvement is evidence 
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that a co-continuous phase structure has been formed in this composition range. 
Elongation-at-break remains above 300% in the composition range from 20 – 40wt% 
PBAT but then drops back down to around 100% at the composition of 50wt%. This 
drop implies that the co-continuous phase structure is replaced by a different 
morphology, which is that of large PLA particles dispersed in a PBAT matrix, as 
shown in the optical micrographs (Figure 6. 5) and discussed below for the SEM 
images of the fracture surfaces. However, when the PBAT content is increased 
above 60wt%, the ductility increases further. This is because pure PBAT is very 
ductile and when the PBAT content reaches 80wt%, the droplets of PLA have 
become very fine and well dispersed, so the adverse effect on elongation-at-break is 
compensated for by the higher PBAT concentration. 
 
Figure 6. 9 Effect of PBAT content on Elongation-at-break 
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The establishment of a co-continuous phase at a low concentration of PBAT was 
further investigated by studying blends with compositions at 2wt% increments of 
PBAT between 0 and 20 wt%. The results of elongation-to-break tests are plotted in 
Figure 6. 10. It is clearly seen that below 14wt%, ductility is very poor, implying that 
PBAT particles are dispersed in a PLA matrix phase. However, between 16wt% to 
19wt%, elongation-at-break starts to increase significantly, and there is a large 
standard deviation in the data. This indicates that at around 18wt% of PBAT, a co-
continuous phase structure starts to form. Hence some specimens have a very high 
ductility because they have a well-developed co-continuous phase structure, 
whereas others are more brittle because the co-continuous phase structure is 
incomplete. This result strongly confirms the predicted value from the empirical 
viscosity model discussed in section 6.2, i.e., that the critical value of PBAT to form a 
co-continuous phase structure is calculated to be 19.0 wt%, and when the content of 
PBAT reaches this value a significant improvement in ductility is expected. 
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Figure 6. 10 Elongation at break of PBAT/PLA blends when PBAT content ranges 
from 0wt% to 20wt% 
 
6.5 Scanning Electron Microscopy of Fracture Surfaces  
To analyse the morphology of the PBAT/PLA blends further, Scanning Electron 
Microscopy was used. The SEM images of PBAT/PLA blend fracture surfaces from 
the tensile tests are shown in Figure 6. 11. The fracture surface for pure PLA shows 
a flat, featureless structure that is typical of a brittle fracture surface. For 20wt% and 
40wt% of PBAT, the fracture surfaces show that fibrils have been drawn from the 
surface, which is a standard feature of ductile failure. These micrographs indicate 
that PBAT and PLA have a co-continuous phase structure with compositions of 
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PBAT between 20wt% and 40wt%. It is expected that these fibrils are due to the 
PBAT continuous phase because PBAT has much lower yield stress than PLA and 
will undergo plastic deformation at lower stress. 
When the PBAT content has reached 60wt%, it is clear that now the PLA continuous 
phase has disappeared. It is seen from the 60/40 sample that PLA is present as 
massive particles dispersed within the PBAT continuous phase. These large PLA 
particles become debonded from the PBAT matrix and so cracks and flaws will be 
induced at the interface, resulting in relatively weak mechanical properties. This 
accounts for the dramatic decreases in both modulus (Figure 6. 7) and tensile 
strength (Figure 6. 8) between 40wt% and 60wt% PBAT. It also accounts for the 
unexpected drop in ductility observed in the same composition range (Figure 6. 9). A 
dramatic drop in elongation-at-break with increasing PBAT content has also been 
found by other authors [160] although there was no explanation of the cause. When 
the PBAT content reaches 80wt%, it is seen from Figure 6. 11 that the samples 
show very ductile behaviour in the tensile test. The SEM image shows that PLA is 
still dispersed in the PBAT in the form of particles. However, the size of the particles 
has become much finer, and the dispersion has become much more uniform. 
Therefore, at this point, the influence of PLA on the mechanical properties is very 
much diminished, and the blend performs in a similar way to PBAT.  
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Figure 6. 11 Scanning electron micrographs of fracture surfaces of PBAT/PLA 
blends 
 
To further investigate the co-continuous morphology in the blends, acetone etched 
PBAT/PLA blends were investigated using SEM (Figure 6. 12). When the PBAT 
content is only 20wt%, a continuous network of PBAT remains after the PLA has 
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been dissolved. The structure consists of a fragile PBAT skeleton with 
interconnected voids from where the PLA has been removed. Even though the 
structure looks hollow, it is still held together by a continuous phase of PBAT, which 
is only 20wt% in the blends. This explains the dramatic increase in ductility as the 
PBAT continuous phase can still hold the structure and gives good ductility even 
after the continuous phase of PLA has broken. 
At 40 wt% of PBAT, there is still a co-continuous phase structure with a PBAT 
network interconnected with fewer voids. With a higher content of PBAT, the network 
of PBAT becomes thicker as expected. When the PBAT content reaches 60 wt%, it 
is seen that PBAT is the only continuous phase and droplets of PLA have been 
dissolved. Therefore, the structure shows separated pitting instead of interconnected 
holes after acetone etching. This result strongly shows that at PBAT/PLA60/40, the 
co-continuous phase has disappeared. Also for 80 wt% of PBAT, there are droplets 
of PLA in a PBAT matrix, and their number and size reduces as the PLA content 
reduces. Also, the depth of pit becomes smaller.  
The SEM image for PBAT/PLA blends with a composition ratio of 50/50 after 
acetone etching is shown in Figure 6. 13. Some researchers suggest that co-
continuous phase will form at a composition ratio of 50/50. However, it is clear to see 
that the structure of the blends is a typical two-phase island-sea morphology. The 
size of the pit is larger than that of 60/40 because of higher PLA content.  
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Figure 6. 12 Scanning electron micrographs of PBAT/PLA blends after etching with 
acetone 
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Figure 6. 13 Scanning electron micrographs for PBAT/PLA blends with composition 
ratio of 50/50 after etching with acetone 
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6.6 Melt Viscosity and Co-continuous Phase Structure 
The viscosity ratio of the two polymers during melt blending is a critical factor in 
determining the morphology of the blends. In this study, the results of capillary 
rheometry experiments (section 6.2) show that at the temperature and shear strain 
rate (i.e. 175ºC and 47s-1) at which the PBAT and PLA were processed in the Haake 
mixer, their melt viscosities were 413 and 1760 Pa.s respectively. From equation 
(6.7) the composition ratio at which a co-continuous phase morphology is formed 
can be calculated, and so for this system, the composition ratio is 0.235. 
𝜑𝜑𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝜑𝜑𝑃𝑃𝑃𝑃𝑃𝑃
= 𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝜂𝜂𝑃𝑃𝑃𝑃𝑃𝑃
= 413
1760
= 0.235                                                                   (6.7) 
This corresponds to 19.0 wt% of PBAT in the formulation. 
As shown in Figure 6. 10 and discussed above, this composition corresponds to 
where there is a very significant improvement in ductility as shown by the increase in 
elongation-at-break. This is advantageous because it predicts that relatively low 
additions of the low viscosity polymer will give significant benefits in terms of 
enhanced ductility. 
Figure 6. 14 is a schematic diagram showing the phase morphologies of the 
PBAT/PLA blends over the full range of compositions, as deduced from the melt 
viscosities, optical micrographs, tensile properties and SEM fracture surfaces. The 
lower viscosity component, PBAT, is observed to form a continuous phase over a 
more extensive composition range than PLA. 
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Figure 6. 14 Schematic diagram of phase structure as a function of composition 
 
 
6.7 Conclusions 
The synergistic effects of melt blending two biodegradable polymers, poly(lactic acid) 
and poly(butylene adipate-co-terephthalate), have been investigated. A range of 
blended melt compounds was prepared at various PBAT/PLA weight ratios of 0/100, 
10/90, 20/80, 40/60, 50/50, 60/40, 80/20 and 100/0. Melt viscosities, thermal 
properties, crystallinity, mechanical properties and phase morphology were studied. 
In particular, it was the aim of this study to investigate whether PBAT/PLA blends 
can form a co-continuous phase structure and to predict the conditions under which 
this would occur. Capillary rheometry experiments were carried out at 175ºC to 
measure the melt viscosities of PLA and PBAT. Data at six different volumetric flow 
rates were fitted to a Polynomial model. It was calculated that the shear rate at which 
the blends were mixed in the Haake mixer was 47s-1and at this shear rate the 
viscosities of PBAT and PLA were found to be 413 and 1760 Pa.s respectively. The 
viscosity ratio of the polymers is reported to be equal to the ratio of the volume 
fractions at which a co-continuous phase can be formed. It was calculated that the 
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threshold value for the formation of a co-continuous phase structure was φPBAT/𝜑𝜑𝑃𝑃𝑃𝑃𝑃𝑃 
equals 0.235, which corresponds to a concentration of PBAT of 19 wt%. 
This result was borne out by the mechanical properties, where results for elongation-
to-break showed a dramatic rise from around 10% up to 300% in the composition 
range between 10 and 20wt% of PBAT. The co-continuous phase structure at 20wt% 
PBAT was also validated by scanning electron micrographs. This study confirms that 
control of the viscosity ratio through the processing parameters of shear rate and 
temperature can be used to control the formation of two continuous phases to 
produce an interpenetrating network structure, with an associated unique 
combination of properties.   
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7. PHA/PLA blends – Results and Discussion 
This chapter investigates blending of PLA with polyhydroxyalkanoate (PHA) to 
determine the effect of co-continuous phase morphology on mechanical properties of 
two brittle polymers blended together.   
7.1 Crystallinity and thermal properties 
As in the previous chapters, thermal properties and crystallinity are investigated by 
DSC. Figure 7. 1 shows DSC traces for all PHA/PLA blends. 
 
Figure 7. 1 DSC traces of PHA/PLA blends 
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From Figure 7. 1, it is clear that there is an issue in determining the crystallinity of 
PHA and PLA because the melting peaks of PHA and PLA are highly overlapping. 
Figure 7. 2 shows the DSC trace of pure PHA. There is no cold crystallization peak 
for PHA. It is clear to observe that the melting peak of PHA consists of two 
endotherms (169.6°C and 176.0°C) adjacent to each other. It suggests that PHA can 
form different crystallization structures and the double peak is due to disordered 
crystallites. [198], [199] The lower peak (169.6°C) corresponds to melting of a 
disordered crystalline form, whereas the higher peak (176.0°C) corresponds to 
melting of the ordered crystalline form. Ordered crystallites are more stable than 
disordered crystallites, and that is the reason they require a higher temperature to 
melt.  
 
Figure 7. 2 DSC trace of pure PHA 
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Table 7. 1 shows the glass transition temperature, cold crystallization temperature 
and melting temperature of all the PHA/PLA blends. The glass transition temperature 
of PLA is around 55°C and that of PHA is around 2°C [169]. With increasing PHA 
content, the glass transition temperature of PHA is slightly decreased, which 
suggests that there is partial miscibility between the PLA amorphous phase and the 
PHA amorphous phase. The cold crystallization temperature of PLA was first 
decreased by adding 20wt% of PHA, and then it increased with further increasing 
PHA content. This indicates that PHA can act as a nucleating agent and accelerate 
crystallization behaviour when there is only a small amount of PHA, but 
crystallization behaviour of PLA can also be hindered by an excessive amount of 
PHA. Melting temperature does not change with increasing PHA content, and PLA 
melting temperature is similar to the lower melting point of PHA.  
Even though the melting enthalpy of 100% crystallized PHA is unknown, the melting 
enthalpy of PHB is 146 J/g [200], which can be used as an indicator for determining 
the crystallinity of PHA. PLA melting enthalpy is 93 J/g for 100% crystallinity. The 
overall crystallinity of the blends can be calculated (Table 7. 2) under the assumption 
that the melting enthalpy is proportional to the weight fraction [175]. The degree of 
crystallinity is given by equation (7.1). 
                     𝑋𝑋𝐶𝐶 = � ∆𝐻𝐻𝑚𝑚−∆𝐻𝐻𝑐𝑐∆𝐻𝐻100,𝑃𝑃𝑃𝑃𝑃𝑃× 𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑃𝑃+∆𝐻𝐻100,𝑃𝑃𝑃𝑃𝑃𝑃×𝑊𝑊𝑊𝑊𝑃𝑃𝑃𝑃𝑃𝑃� × 100%                         (7.1) 
Where ∆𝐻𝐻𝑚𝑚  is the enthalpy of melting; ∆𝐻𝐻𝑐𝑐  is the enthalpy of cold crystallization; 
∆𝐻𝐻100,𝑃𝑃𝑃𝑃𝑃𝑃 is the enthalpy of fusion for 100% crystalline PLA and Wp,PLA is the weight 
fraction of PLA, whereas ∆𝐻𝐻100,𝑃𝑃𝐻𝐻𝑃𝑃 is the enthalpy of fusion for 100% crystalline PHA 
and Wp,PHA is the weight fraction of PHA.  
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Table 7. 1 Glass transition temperature, cold crystallization temperature and melting 
temperature of PHA/PLA blends 
PHA content 
(wt%) 
Tg Tc Tm1 Tm2 
0 55.8±1.8 102.2±0.4 170.8±0.4 N/A 
20 55.2±0.1 100.8±0.7 170.3±0.4 N/A 
40 54.2±0.2 103.7±0.5 170.1±0.9 174.3±0.5 
60 54.4±1.2 106.6±0.9 170.3±0.5 175.0±0.6 
80 54.2±0.0 104.0±0.3 170.3±0.5 175.0±0.4 
100 N/A N/A 169.9±0.3 175.9±0.5 
 
Table 7. 2 Cold crystallization enthalpy, melting enthalpy and crystallinity of 
PHA/PLA blends 
PHA content 
(wt%) 
Enthalpy of cold 
crystallization (J/g) 
Enthalpy of 
melting (J/g) 
Crystallinity of 
the blend (%) 
0 33.6±1.0 35.1±0.9 2.1±0.1 
20 18.4±1.3 31.0±1.0 12.3±0.5 
40 13.5±1.1 46.1±1.1 28.7±2.0 
60 9.5±0.1 54.4±2.8 36.0±2.3 
80 4.0±0.3 65.1±3.6 45.1±2.6 
100 0 72.9±0.3 49.9±0.2 
 
Table 7. 2 shows the crystallinity of all the PHA/PLA blends. Increasing PHA content 
increases the degree of crystallinity of PHA/PLA blends. It is unclear how the 
crystallinity of PLA will change with increasing PHA content. However, it is 
reasonable to assume that PHA crystallinity remains at 50% regardless of its 
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concentration ratios in the blends, and then the crystallinity of PLA is calculated to 
increase from 2.1% to 25.7% in accordance with PHA increasing from 0wt% to 
80wt%. Thus, it can be concluded that PHA can act as a nucleating agent to 
increase PLA crystallinity. 
7.2 Melt Rheology 
Capillary rheometry was used to measure the shear viscosities of PLA and PHA at 
175℃. The variation of shear viscosities of PLA and PHA with increasing shear strain 
rate is shown in Figure 7. 3. Both PLA and PHA are shear thinning polymers as 
expected. In section 6.2, it was already shown that a polynomial model could be 
more accurate compared with the power law model in predicting the shear viscosity. 
Besides, from the graph, it can be seen that there is not a good fit to a linear 
relationship between log shear rate and log shear viscosity of PHA. Therefore, a 
polynomial model was chosen to fit the data rather than a power law model. The 
equation shows a perfect fit because both of the regression fit have an R2 close to 1. 
The figure was fitted with a Polynomial model (7.2) (Coefficients A0,  A1  and A2 are 
three material parameters.) 
log ŋ = 𝑃𝑃0 + 𝑃𝑃1 log(ϒ̇) + 𝑃𝑃2 log(ϒ̇)2 … … … … … … … … … … … … . . (7.2) 
 
It can be seen that for PLA, A0=3.3383,  A1=0.213  and A2=-0.1606; for PHA A0=4.021,  
A1=-1.5075  and A2=0.2589. From section 4.2 and 6.2, it was calculated that the 
shear rate in the Haake mixer is 47s-1. By substituting the shear rate (ϒ̇) of 47s-1 into 
the equations for PLA and PHA, the shear viscosities are found to be 168 Pa.s and 
1760 Pa.s for PHA and PLA, respectively. Using the empirical model (7.3) provided 
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in section 4.2, the ratio of PHA and PLA volume fraction can be found to be 0.0955. 
Since the density of PHA is very close to the density of PLA, the PHA weight fraction, 
at which a co-continuous phase is formed, is calculated to be 8.7wt%.  
𝜑𝜑1
𝜑𝜑2
= 𝜂𝜂1
𝜂𝜂2
                              (7.3) 
 
 
Figure 7. 3 Shear strain rate dependence of the shear viscosities of PBAT and PLA 
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7.3 Scanning Electron Microscopy of Fracture Surfaces 
Scanning electron microscopy was used to analyse the fracture surfaces of 
PHA/PLA blends after tensile testing. The pure PHA fracture surface is shown in 
Figure 7. 4, and the tensile fracture surfaces of PHA/PLA blends are shown in 
Figure 7. 5. 
 
Figure 7. 4 Scanning electron micrographs of the fracture surfaces of pure PHA 
 
The SEM image shows that PHA surface displays a very brittle morphology. The 
sharp edges of the surface indicate that the break happens without much 
deformation and there are no elongated fibrils on the surface. It looks even more 
brittle than the pure PLA fracture surface shown in section 4.4.3.  
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Figure 7. 5 Scanning electron micrographs of fracture surfaces of PHA/PLA blends 
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Section 7.2 predicted that the co-continuous phase starts to form at around 8.7 wt% 
of PHA, but it remains unknown whether the ductility of the blends can be increased 
by a co-continuous phase structure because both PHA and PLA are brittle.  
Some degree of ductility can be observed in the fracture surface of PHA/PLA20/80 
as shown in Figure 7. 5. Phase separation can be clearly seen on the surface while 
the network structure is PLA and the hollow structure surrounded by PLA is PHA 
phase. The PHA phase cannot be directly seen in the image as the elongated PLA 
phase has covered the PHA phase. Compared with the fracture surface of PBS/PLA 
20/80 and PBAT/PLA 20/80, the surface of PHA/PLA 20/80 is different because for 
the PHA/PLA 20/80 blend, PLA is the dominant phase – PLA deforming under 
tensile load to hold the structure after the PHA phase has broken. For PBS/PLA and 
PBAT/PLA blends with a composition ratio of 20/80, it was the minority component 
(PBS or PBAT) that was elongated and held the structure. In this case, the elongated 
fibril structure indicates PLA (majority component) deformation had occurred before 
the polymer blends broke. Therefore, it indicates that the ductility of PHA/PLA 20/80 
blend may outperform pure PLA or PHA.   
It is interesting to see that the PLA component in the blend of PHA/PLA 20/80 
displayed a better ductility than pure PLA.  A polymer can break either through 
deformation accompanied by volume increase referred to as crazing, or deformation 
without volume change denoted as shear [201]. Shear yielding and multiple crazing 
are two primary toughening mechanisms in rubber toughening. Both shear yielding 
and multiple crazing toughening mechanisms have been observed in rubber 
toughened PLA blends [202]. With the right particle size and inter-particle distance, 
these two toughening mechanisms can make a brittle PLA matrix become more 
ductile.  
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However, both shear yielding and multiple crazing describe toughening mechanisms 
for the sea-island morphology of particles dispersed in the continuous phase. To 
understand the toughening mechanism of how a brittle-brittle polymer blend 
becomes ductile via a co-continuous phase, plane stress and plane strain need to be 
considered. Plane stress is defined as a state of stress, in which the stress is only in 
the longitudinal direction (the loads are perpendicular to the z-axis) and is parallel to 
the plane. Typically, plane stress can be observed in a very thin specimen and that is 
to say, the stress uniformly distributed in the z-direction and stress on the z-direction 
is zero [203]. The plane strain is in a similar situation except that the z-direction is 
very large. Generally, plane stress dominates in very thin specimens, and plane 
strain dominates in very thick specimens. Plane stress will result in relatively high 
energy absorption potential and make the thin plate more ductile, whereas plane 
strain will lead to relatively low energy absorption potential and result in 
embrittlement of the thick specimen [204]. The critical thickness to observe plane 
stress varies significantly from polymer to polymer, from submicron in polystyrene to 
millimetre in polycarbonate.  
In Figure 7. 5, the thickness of the PLA continuous phase in the co-continuous 
phase is less than 1 micron and the tensile test was only applied on one direction, so 
it is reasonable to assume that the ductility feature of PLA in PLA/PHA 20/80 is 
introduced by plane stress.  
For PHA/PLA blends with a composition ratio of 40/60, the morphology changes 
dramatically. However, the co-continuous phase can still be seen in the structure 
because there are no droplets observed on the surface, but the structure becomes 
very brittle because very few elongated fibrils can be observed. This explains further 
how plane stress is the reason for the ductility observed in PHA/PLA 20/80. PLA 
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continuous phase in PHA/PLA 40/60 has a much larger thickness, and therefore 
plane strain now dominates the failure mechanism and makes the structure brittle. 
From the morphology shown for PHA/PLA 40/60, it is highly unlikely that the co-
continuous phase will increase the ductility of the blends. In addition, PHA and PLA 
phases show very poor compatibility because the structure becomes much coarser 
than PHA/PLA 20/80. The interaction between PHA and PLA components must be 
weak because large gaps can be seen at the interface.  
The morphologies of PHA/PLA blends with composition ratios of 60/40 and 80/20 are 
much more brittle, and no co-continuous phase can be observed in the structure. 
PHA is now the dominant phase and it can be seen that PLA is dispersed within the 
PHA matrix as droplets. By increasing PHA content from 60 wt% to 80 wt%, the size 
of the PLA droplets has become smaller. Therefore, PHA/PLA blends with 
composition ratios of 60/40 and 80/20 are expected to have very low elongation-at-
break values.   
 
7.4 Tensile test 
The raw data from the tensile test are shown in Table 7. 3. Tensile properties are 
plotted as a function of PHA content in Figure 7. 6; Young’s modulus of PHA/PLA 
blends is plotted as a function of PHA content in Figure 7. 7 and elongation at break 
of PHA/PLA blends is plotted as a function of PHA content in Figure 7. 8. From 
Table 7. 3, it can be seen that both PHA and PLA are very brittle as their elongation 
at break are below 10% and PHA is even more brittle than PLA. The tensile strength 
and Young’s modulus of PHA are lower than that of PLA.  
Table 7. 3 Tensile properties of PHA/PLA blends 
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PHA content 
(wt%) 
Elongation at 
Break (%) 
Tensile Strength 
(MPa) 
Young's Modulus 
(MPa) 
0 9.1±2.4 57.7±1.8 1671±67 
20 28.3±19.1 40.7±1.7 1332±67 
40 8.2±2.0 36.7±1.8 1516±51 
60 3.3±0.8 28.8±2.9 1574±78 
80 4.1±0.5 34.3±2.3 1524±46 
100 4.6±0.2 33.0±1.0 1488±39 
 
The parallel and series models are applied to predict the behaviour of PHA/PLA 
blends. The equations are shown in (7.3) and (7.4): 
Parallel Model                       𝐸𝐸𝑏𝑏 = 𝜑𝜑1𝐸𝐸1 + 𝜑𝜑2𝐸𝐸2                                (7.3) 
Series Model                         𝐸𝐸𝑏𝑏 = 𝐸𝐸1𝐸𝐸2(𝜑𝜑1𝐸𝐸2+𝜑𝜑2𝐸𝐸1)                                     (7.4) 
In these equations 𝐸𝐸1 and  𝐸𝐸2 are the moduli of components 1 and 2 respectively, 
while 𝐸𝐸𝑏𝑏  is the modulus of the blend. 𝜑𝜑1  and 𝜑𝜑2  are the volume fractions of 
components 1 and 2. This model can be applied to both modulus and tensile 
strength. 
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Figure 7. 6 The effect of PHA content on tensile strength of PHA/PLA blends 
For tensile strength, it is clear to see that tensile strength drops below the lower 
boundary (Series Model) for all the blends. This result is similar to that of PBAT/PLA 
and PBS/PLA, in which tensile strength drops under the lower boundary.  Poor 
interaction at the interface shown in Section 7.3 already indicates that debonding 
would be created in the blends, which subsequently decreases the tensile strength. 
PHA/PLA 60/40 shows the lowest tensile strength and this is similar to PBAT/PLA. 
PLA is now dispersed within the PHA matrix when the PHA content reaches 60wt%. 
Since PHA has a lower shear viscosity than PLA, PHA cannot effectively break down 
PLA particles. More cracks will be generated at this composition ratio.  
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Figure 7. 7 The effect of PHA content on Young’s modulus of PHA/PLA blends 
 
The upper boundary (Parallel Model) and the lower boundary (Series Model) of 
Young’s modulus for PHA/PLA blends are very close to each other because Young’s 
modulus of PHA is very similar to that of PLA. When PHA content reaches 60wt%, 
PHA becomes the dominant phase and Young’s modulus results follow the 
prediction of the Parallel and Series model. When PHA content is below 60wt%, 
Young’s Modulus of the blends drops below the lower boundary prediction. When 
PHA content is 20wt%, Young’s modulus drops far below the prediction and displays 
the lowest value. This result is in line with the previous discussion of plane stress in 
section 7.3. Plane stress dominates in the PLA/PHA 20/80 blend because the PLA 
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continuous phases are very thin layers in the co-continuous structure. Because of 
plane stress, the PLA phase has higher energy absorption potential and less ability 
to resist deformation. Therefore Young’s modulus of PLA is decreased. The 
significant decrease in Young’s modulus for PHA/PLA blends in the co-continuous 
phase region is not observed in PBS/PLA and PBAT/PLA bends because the PLA 
phase does not form a fine fibrillary structure in PBS/PLA and PBAT/PLA blends.   
 
 
Figure 7. 8 The effect of PHA content on elongation at break of PHA/PLA blends 
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Elongation at break is generally very low for all the blends except for PHA/PLA with a 
composition ratio of 20/80, at which the elongation-at-break value increased to 
around 30%. This result is in line with the discussion of plane stress and the 
prediction made in section 7.3. At 20wt% of PHA content, a co-continuous phase 
morphology increased the ductility of the blend by creating the very thin PLA 
continuous phase structure. The standard deviation is very large, indicating 20wt% of 
PHA may be the threshold of phase inversion. Considering the ductile surface shown 
in the SEM image(Figure 7. 5) and the extremely low Young’s modulus for PHA/PLA 
20/80, it can be confirmed that plane stress has altered the brittleness of PLA at the 
expense of modulus when the PHA content is around 20wt%.  
Apparently, the morphology and mechanical properties of the blend are unique when 
the PHA content is around 20wt%. Therefore, PHA/PLA blends with PHA content 
ranging from 0wt% to 40wt% were produced and their tensile properties were 
investigated.  The raw data of PHA/PLA blends with the new composition ratios are 
shown in Table 7. 4. For the elongation at break of PHA/PLA blend, the standard 
deviation is very large when the blend displayed high ductility. The mixing condition 
of PHA and PLA is relatively poor because of their poor compatibility, therefore 
resulting in the co-continuous phase unevenly dispersed in the blends. To further 
analyse the trend for PHA/PLA blends, tensile strength (Figure 7. 9), Young’s 
modulus (Figure 7. 10) and elongation at break (Figure 7. 11) of PHA/PLA blends 
with PHA content ranging from 0wt% to 40wt% were plotted.  
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Table 7. 4 Tensile strength, Young’s Modulus and Elongation break for PHA/PLA 
blends 
PHA content 
(wt%) 
Elongation at 
Break (%) 
Tensile Strength 
(MPa) 
Young's Modulus 
(MPa) 
5 200.1±129.4 52.7±1.7 1602±62 
10 76.4±71.9 39.3±3.6 1255±114 
15 119.7±109.4 40.0±3.6 1332±112 
25 15.7±5.0 35.8±1.4 1413±46.7 
30 12.1±5.7 29.9±3.7 1376±86 
35 14.0±3.0 31.2±0.8 1375±80 
 
 
Figure 7. 9 Tensile strength of PHA/PLA blends with PHA content from 0wt% to 
40wt% 
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The overall trend of tensile strength for PHA/PLA blends is to decrease with 
increasing PHA content and that is because PHA has a lower tensile strength than 
PLA. When PHA content is only 5wt%, the blends show the highest tensile strength. 
However, the sharpest drop of tensile strength happens in PHA content ranging from 
5wt% to 10wt%. That is where the threshold of the co-continuous phase is predicted 
to be (8.7wt% in Section 7.2).  
 
Figure 7. 10 Young’s modulus of PHA/PLA blends with PHA content from 0wt% to 
40wt% 
Young’s modulus shows a similar trend to tensile strength, that is, the sharpest drop 
of Young’s modulus occurs when PHA content ranges from 5wt% to 10wt%. A high 
degree of morphology change must occur in this composition range. The lowest 
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Young’s modulus is observed from 10wt% of PHA to 20% of PHA. Therefore, it is 
reasonable to believe that plane stress can be observed from PHA of 10wt% to 20wt% 
because plane stress can increase PLA ductility at the expense of its Young’s 
modulus. Considering Figure 7. 10 and Figure 7. 7, it can be seen from 10wt% of 
PHA to 60wt% of PHA, Young’s modulus is gradually increased by increasing PHA 
content. This indicates that PLA continuous phase became thicker and plane stress 
became less dominant while increasing PHA content.  
 
Figure 7. 11 Elongation at break of PHA/PLA blends with PHA content from 0wt% to 
40wt% 
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From 5wt% to 20wt% of PHA content, PHA/PLA blends display very high elongation 
at break along with a high standard deviation. When PHA content exceeds 20wt%, 
PHA/PLA becomes brittle again. This result indicates that when PHA content ranges 
from 5wt% to 20wt%, a co-continuous phase is formed. In the co-continuity structure, 
the PLA phase is very thin and plane stress is introduced. The extremely high 
standard deviation shows that the co-continuous phase in the blend is not very 
uniform due to poor interaction and compatibility between the PHA and PLA 
components. When PHA ranges from 25wt% to 40wt%, it is reasonable to believe 
that the co-continuous phase is also formed considering the SEM images. 
Considering the low Yong’s modulus and because of a higher PLA content in this 
composition range, the z-axis direction of the PLA phase becomes thicker. In this 
case, plane strain dominates the mechanism and makes the polymer blends return 
to brittleness.  
 
7.5 PHA/PLA/PEG blends  
7.5.1 Tensile properties of PHA/PLA/PEG blends 
Previous sections have already shown that the main limitation of PHA/PLA blends is 
due to the poor compatibility and the weak interaction between PHA and PLA 
components. Therefore, 5wt% of PEG was incorporated into PHA/PLA blends as a 
compatibilizer in an attempt to improve the mixing and therefore the mechanical 
properties. PEG was incorporated into PHA/PLA blends at a composition ratio of 
20/80 and 40/60.  
However, the results (Table 7. 5) were not as expected. The elongation at break of 
PHA/PLA/PEG blends is still very low, even lower than that of neat PHA/PLA blends. 
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Young’s modulus of PHA/PLA 40/60 did not change much after the incorporation of 
PEG, but for PHA/PLA 20/80, Young’s modulus increased in the presence of PEG. It 
increased to a level (1552 MPa) which is in line with Young’s modulus of blends of 
other PHA/PLA ratios (1516 MPa to 1524MPa). Also, the ductility was destroyed for 
PHA/PLA 20/80. Considering the fact that the PHA/PLA 20/80 blend has a higher 
Young’s modulus at the expense of elongation-at-break value, this is the reverse 
effect of plane stress. PEG is a compatibilizer, which is expected to lower Young’s 
modulus and to increase the ductility. However, PEG had the opposite effect on the 
PHA/PLA 20/80 blend. That is because PEG made the PLA continuous phase 
become thicker and subsequently destroyed the plane stress effect. Or perhaps, 
PEG just directly destroyed the co-continuity structure. Both behaviours would lead 
to a lower ductility and higher Young’s modulus.  
For PHA/PLA 40/60, Young’s modulus slightly decreased with the incorporation of 
PEG. That is normal as PEG will lower Young’s modulus as a compatibilizer. 
Ductility of PHA/PLA 40/60 is also slightly decreased. Tensile strength does not 
show much difference after the incorporation of PEG. 
Table 7. 5 Tensile properties of PHA/PLA/PEG blends 
PHA/PLA/PEG 
Composition ratio 
Elongation at 
Break (%) 
Tensile Strength 
(MPa) 
Young's Modulus 
(MPa) 
20-80-0 28.3±19.1 40.7±1.7 1332±67 
40-80-0 8.2±2.0 36.7±1.8 1516±51 
20-80-5 7.2±2.4 42.2±1.6 1552±48 
40-80-5 5.9±1.0 36.3±1.8 1490±58 
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7.5.2 Scanning Electron Microscope of PHA/PLA/PEG blends 
Scanning Electron Microscopy was used to investigate the effect of PEG on 
PHA/PLA blends (Figure 7. 12). The fracture surface becomes much softer than that 
of neat PHA/PLA blends. For PHA/PLA/PEG blends with a ratio of 20/80/5, small 
droplets can be clearly seen on the surface, implying that the co-continuous phase 
disappeared in the presence of PEG. That explains the decrease in elongation-at-
break of PHA/PLA/PEG blends in a tensile test. Because the co-continuous phase 
has disappeared and the thin PLA phase is gone, Young’s modulus of 
PHA/PLA/PEG 20/80/5 increases to a standard value. The compatibility looks better 
because the dispersed PHA droplets are very small and closely adhere to the PLA 
matrix. By incorporating PEG into PHA/PLA 20/80 blends, Young’s modulus is 
increased at the expense of ductility. This is similar to the effect of clay on PBS/PLA 
blends as a compatibilizer.  
For PHA/PLA 40/60 with 5wt% PEG incorporation, very poor mixing can be observed 
at the fractured surface. Big PHA droplets are still unevenly dispersed within the PLA 
matrix while cracks and gaps are created at the interface between the PHA and PLA 
component. That explains the slightly decreased elongation-at-break value. 
Compared with neat PHA/PLA 40/60, the PLA matrix looks softer and that is the 
reason for the slightly reduced Young’s modulus. In addition, it can be seen that the 
co-continuous phase disappeared as large droplets can be observed in the PLA 
matrix, but it would not have a substantial effect on ductility because there is no 
plane stress effect for PHA/PLA 40/60.  
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Figure 7. 12 Scanning electron micrographs of fracture surfaces of PHA/PLA blends 
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7.6 Conclusions 
The thermal properties, crystallinity, melt viscosities, mechanical properties and 
phase morphology of PHA/PLA blends were investigated. It was found PHA has a 
viscosity similar to that of PBS at a shear rate of 47 s-1 in the Haake mixer. Therefore 
the phase inversion point of PHA/PLA is at 8.4wt%, which is close to the PBS/PLA 
phase inversion point. 
The DSC results suggest that there is partial mixing of PHA and PLA when the PHA 
content ranges from 40wt% to 80wt% because the glass transition temperature of 
the blend slightly moves to the glass transition temperature of PHA by around 1.5°C. 
PHA can accelerate the cold crystallization of PLA with PHA content lower than 
20wt%, whereas PHA will hinder PLA cold crystallization when PHA content exceeds 
60wt%. In general, the crystallinity of the blends is increased from 12% to 45% by 
increasing PHA content from 20wt% to 80wt%.  
Regarding mechanical properties, tensile strength is generally decreased with 
increasing PHA content. The value of Young’s modulus is abnormally low when PHA 
content ranges from 10wt% to 20wt%, whereas the value of elongation at break is 
high when the PHA content is between 5wt% and 20wt%. Both of these unusual 
properties are due to the plane stress mechanism on the PLA thin continuous phase 
in the co-continuous phase structure. When PHA content exceeds 40wt%, Young’s 
modulus of the blends goes back to the predicted level, and the value of elongation 
at break remains very low because the PLA phase becomes much thicker in the co-
continuous phase structure. Therefore, no more plane stress toughening mechanism 
can be observed. The standard deviation of elongation at break is very high because 
poor compatibility results in unevenly dispersed co-continuous phase.   When the 
PHA content reaches 60wt% and 80wt%, the structure becomes even more brittle 
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because the co-continuous phase has completely disappeared. In that composition 
range, Young’s modulus returns to the values predicted by the parallel and series 
models.  
Morphology analysis by SEM is in line with mechanical properties. The co-
continuous phase can be observed in PHA/PLA blends of 20/80 and 40/60. When 
the PHA content is 20wt%, the morphology of the PHA continuous phase at 
PHA/PLA 20/80 looks very ductile and it is because the plane stress on the thin PLA 
phase created in the co-continuous phase structure increased the energy absorption 
potential of PLA and lowered the ability to resist deformation. That explains why the 
blend of two brittle polymers can have a ductile behaviour while Young's modulus 
decreased to a much lower value. However, when PHA reaches 40wt%, the PLA 
phase becomes much thicker and therefore the plane strain effect overthrows the 
plane stress effect. That is the main reason why PHA/PLA 40/60 has very low 
ductility but higher Young’s modulus even though the co-continuous phase can still 
be observed at this composition ratio. In addition, the cracks and gaps between the 
PHA and PLA components are large when the PHA content is 40wt%. Besides, the 
mixing is not uniform as the size of the PHA component tends to be large.  
PEG of 5wt% was incorporated in PHA/PLA blends with composition ratios of 20/80 
and 40/60 to increase the compatibility, and was therefore predicted to increase the 
mechanical properties. SEM images showed that there is some degree of increase in 
the compatibility as fewer gaps and cracks showed at the interface. However, the 
ductility of the blends became worse because the co-continuous phase was 
destroyed as shown by PHA droplets observed on the fracture surface. The Young’s 
modulus of PHA/PLA 20/80 is increased because the plane stress disappeared 
along with the co-continuous phase.  
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8. Conclusion 
PBS/PLA blends, PBS/PLA-clay composites, PBATPLA blends and PHA/PLA blends 
were prepared and investigated to improve the properties of PLA. The ductility of 
PLA was significantly improved by the formation of a co-continuous phase structure. 
PBS, PBAT and PHA were all proved to be able to form co-continuous phase with 
PLA and therefore increase the ductility of PLA. An empirical model was applied to 
successfully predict the starting point of the phase inversion point, which is the 
starting point of the co-continuous phase structure.  
For PBS/PLA blends, the predicted starting point of the co-continuous phase was at 
a PBS concentration of 8.4wt%. When the PBS content is only 8wt%, the increase in 
the elongation-at-break result is up to 130%. This prediction is in line with tensile test 
results and the morphology observed by SEM,A AFM and Optical microscope. For 
PBAT/PLA, the phase inversion point was predicted to be a concentration of PBAT 
of 19wt%. This prediction is confirmed by tensile test results. When the composition 
range is from 10wt% to 20wt% of PBAT, the elongation-at-break results increased 
from 10% to 300%. The sharp increase point of elongation-at-break is around 19wt% 
of PBAT. Elongation-at-break remains above 300% in the composition range from 20 
– 40wt% PBAT but then drops back down to around 100% in the composition of 50 – 
60wt% PBAT. This drop implies that the co-continuous phase structure is replaced 
by a different morphology, which is that of large PLA particles dispersed in a PBAT 
matrix. The phase inversion point of PHA/PLA is predicted to be 8.4wt%, which is 
close to the PBS/PLA phase inversion point. The co-continuous phase structure 
makes the blend of two brittle polymers become ductile under the mechanism of 
plain stress. The incorporation of clay destroyed the co-continuous phase, resulting 
in total brittleness of the structure.  
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9. Future Work 
The following work is suggested in the future: 
1. Study how processing conditions can affect the formation of the co-continuous 
phase structure. The starting point of the co-continuous phase structure can 
be affected by the viscosity ratio, therefore increasing or decreasing shear 
rate or increasing mixing temperature to alter shear viscosity ratio to produce 
the blends with different phase inversion point. By doing this, the empirical 
model that predicts the starting point of the co-continuous phase structure can 
be further confirmed. It can be used to tailor the phase inversion point. 
2. Study what parameter settings on an extruder are needed to produce the co-
continuous phase structure. Compared with a Haake mixer, the extruder has 
different mixing conditions. In order to make the co-continuous phase 
mechanism more applicable, the correct parameter settings for an extruder to 
produce the co-continuous phase structure need to be found. 
3. The author has used a 3D printer to print with the blend of PBS/PLA 20/80, 
which has the co-continuous phase structure. Attempts were made to 
determine whether the high ductility of the blend remained. However, this was 
not included in the thesis because there were not enough results due to the 
time limit. The co-continuous phase structure can be a new method to 
improve PLA filament for 3D printing if high ductility of the blend remains after 
3D printing. 
4. Further investigate PHA/PLA blends because both PHA and PLA are bio-
derived polymers with good biodegradability. Besides, the blends of two brittle 
polymers can become ductile under the mechanism of plane stress and the 
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co-continuous phase. More experiments need to be done to find out whether 
that mechanism can be used in other brittle-brittle polymer blends. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
227 
 
References 
[1] A. A. Shah, F. Hasan, A. Hameed, and S. Ahmed, “Biological degradation of 
plastics: a comprehensive review.,” Biotechnol. Adv., vol. 26, no. 3, pp. 246–65, 
2008. 
[2] PlasticsEurope, Plastics – the Facts 2016: An analysis of European plastics 
production, demand and waste data. 2016. 
[3] W. Amass,  a Amass, and B. Tighe, “A review of biodegradable polymers: 
Uses, current developments in the synthesis and characterization of 
biodegradable polyesters, blends of biodegradable polymers and recent 
advances in biodegradation studies,” Polym. Int., vol. 47, no. 2, pp. 89–144, 
1998. 
[4] P. Shivam, “Recent Developments on biodegradable polymers and their future 
trends,” Int. Res. J. Sci. Eng., vol. 4, no. 1, pp. 17–26, 2016. 
[5] F. Sasse and G. Emig, “Review Chemical Recycling of Polymer Materials,” 
Chem. Eng. Technol, vol. 21, no. 10, pp. 777–789, 1998. 
[6] European-Bioplastics, “Bioplastics market data 2017,” 2017. 
[7] K. Van de Velde and P. Kiekens, “Biopolymers: overview of several properties 
and consequences on their applications,” Polym. Test., vol. 21, no. 4, pp. 433–
442, 2002. 
[8] “Driving the evolution of plastics,” Bioplastics, European. [Online]. Available: 
http://en.european-bioplastics.org/wp-
content/uploads/2012/publications/Imagebroschuere_Dec2012.pdf. Accessed 
Jan/2016. 
228 
 
[9] C. R. Álvarez-Chávez, S. Edwards, R. Moure-Eraso, and K. Geiser, 
“Sustainability of bio-based plastics: general comparative analysis and 
recommendations for improvement,” J. Clean. Prod., vol. 23, no. 1, pp. 47–56, 
2012. 
[10] I. Vroman and L. Tighzert, “Biodegradable Polymers,” Materials (Basel)., vol. 2, 
no. 2, pp. 307–344, 2009. 
[11] Y. Wee, J. Kim, and H. Ryu, “Biotechnological production of lactic acid and its 
recent applications,” Food Technol. Biotechnol., vol. 44, no. 2, pp. 163–172, 
2006. 
[12] C. Chen, G. Lv, C. Pan, M. Song, C. Wu, D. Guo, X. Wang, B. Chen, and Z. 
Gu, “Poly(lactic acid) (PLA) based nanocomposites--a novel way of drug-
releasing.,” Biomed. Mater., vol. 2, no. 4, pp. L1-4, 2007. 
[13] P. Gunatillake, R. Mayadunne, and R. Adhikari, “Recent developments in 
biodegradable synthetic polymers.,” Biotechnol. Annu. Rev., vol. 12, no. 6, pp. 
301–47, 2006. 
[14] E. Helwig, B. Sandner, U. Gopp, F. Vogt, S. Wartewig, and S. Henning, “Ring-
opening polymerization of lactones in the presence of hydroxyapatite.,” 
Biomaterials, vol. 22, no. 19, pp. 2695–702, 2001. 
[15] H. Liu and J. Zhang, “Research progress in toughening modification of 
poly(lactic acid),” J. Polym. Sci. Part B Polym. Phys., vol. 49, no. 15, pp. 1051–
1083, 2011. 
[16] Y. Takagi, R. Yasuda, M. Yamaoka, and T. Yamane, “Morphologies and 
mechanical properties of polylactide blends with medium chain length poly(3-
229 
 
hydroxyalkanoate) and chemically modified poly(3-hydroxyalkanoate),” J. Appl. 
Polym. Sci., vol. 93, no. 5, pp. 2363–2369, 2004. 
[17] Y.-H. Na, Y. He, X. Shuai, Y. Kikkawa, Y. Doi, and Y. Inoue, “Compatibilization 
effect of poly(epsilon-caprolactone)-b-poly(ethylene glycol) block copolymers 
and phase morphology analysis in immiscible poly(lactide)/poly(epsilon-
caprolactone) blends.,” Biomacromolecules, vol. 3, no. 6, pp. 1179–86, 2002. 
[18] B. P. J. Flory and W. R. Krigbaum, “Thermodynamics of high polymer 
solutions,” J Chem Phys, vol. 10, no. 6, pp. 51–61, 1942. 
[19] R. Koningsveld, “Thermodynamics of polymer blends,” Macromol. Symp., vol. 
78, no. 1, pp. 25–29, 1994. 
[20] L. M. Robeson, “Polymer Blends A comprhensive Review,” pp. 10–23, 2007. 
[21] M. Rabeony, D. J. Lohse, R. T. Garner, and S. J. Han, “Effect of Pressure on 
Polymer Blend Miscibility : A Temperature - Pressure Superposition,” 
Macromolecules, vol. 31, pp. 6511–6514, 1998. 
[22] A. J. Nijenhuis, E. Colstee, and D. W. Grijpma, “High molecular weight and 
poly ( ethylene oxide ) blends : thermal characterization and physical 
properties,” Polymer (Guildf)., vol. 37, no. 26, pp. 5849–5857, 1996. 
[23] A. M. Gajria, V. Dave, R. Gross, and S. P. Mccarthy, “Miscibility and 
biodegradability of blends of poly (lactic and biodegradability acid) and poly 
(vinyl of blends acetate),” Polymer (Guildf)., vol. 37, no. 3, pp. 437–444, 1996. 
[24] M. Sheth, R. A. Kumar, and V. Dave, “Biodegradable Polymer Blends of Poly 
( lactic acid ) and Poly ( ethylene glycol ),” Appl. Polym. Sci., pp. 1495–1505, 
1996. 
230 
 
[25] B. Pukánszky, “Influence of interface interaction on the ultimate tensile 
properties of polymer composites,” Composites, vol. 21, no. 3, pp. 255–262, 
1990. 
[26] E. Fekete, B. Pukanszky, and Z. Peredy, “Mutual correlations between 
parameters characterizing the miscibility , structure and mechanical properties 
of polymer blends,” Die Angew. Makromoleculare Chmie, vol. 199, pp. 87–101, 
1992. 
[27] B. Imre and B. Pukánszky, “Compatibilization in bio-based and biodegradable 
polymer blends,” Eur. Polym. J., vol. 49, no. 6, pp. 1215–1233, Jun. 2013. 
[28] H. Veenstra, P. C. J. Verkooijen, B. J. J. Van Lent, J. Van Dam, A. P. De Boer, 
A. Posthuma, and H. J. Nijhof, “On the mechanical properties of co-continuous 
polymer blends : experimental and modelling,” Polymer, vol. 41, pp. 1817–
1826, 2000. 
[29] P. Pötschke and D. R. Paul, “Formation of Co-continuous Structures in Melt- 
Mixed Immiscible Polymer Blends,” J. Macromol. Sci. Part C Polym. Rev., vol. 
1797, 2017. 
[30] R. C. Willemse, A. P. De Boer, J. Van Dam, and A. D. Gotsis, “Co-continuous 
morphologies in polymer blends : the influence of the interfacial tension,” 
Polymer (Guildf)., vol. 40, pp. 827–834, 1999. 
[31] H. Verhoogt, J. van Dam, and A. P. de Boer, “Morphology—Processing 
Relationship in Interpenetrating Polymer Blends,” in Interpenetrating Polymer 
Networks, vol. 239, American Chemical Society, 1994, pp. 16–333. 
[32] H. Veenstra, J. Van Dam, and A. P. De Boer, “Formation and stability of co-
231 
 
continuous blends with a poly ( ether-ester ) block copolymer around its order 
– disorder temperature,” Polymer (Guildf)., vol. 40, pp. 1119–1130, 1999. 
[33] R. C. Willemse, A. P. De Boer, J. Van Dam, and A. D. Gotsis, “Co-continuous 
morphologies in polymer blends : a new model,” Polymer, vol. 39, no. 24, pp. 
5879–5887, 1998. 
[34] J. Li, P. L. Ma, B. D. Favis, and Ä. P. De Montre, “The Role of the Blend 
Interface Type on Morphology in Cocontinuous Polymer Blends,” 
Macromolecular, vol. 35, pp. 2005–2016, 2002. 
[35] R. C. Willemse, “Co-continuous morphologies in polymer blends : stability,” 
Polymer, vol. 40, pp. 2175–2178, 1999. 
[36] M. M. CROSS, A. KAYE, J. L. STANFORD, and R. F. T. STEPTO, “Rheology 
of Polyols and Polyol Slurries for Use in Reinforced RIM,” in Polym Mater Sci 
Eng Proc ACS, 1983, vol. 49, p. 531. 
[37] D. R. Paul and J. W. Barlow, “Polymer Blends,” J. Macromol. Sci. Part C, vol. 
18, no. 1, pp. 109–168, 1980. 
[38] D. R. Paul, “Polymer Blends: Phase Behavior and Property Relationships,” 
Multicomponent Polym. Mateiralas, pp. 3–19, 1985. 
[39] V. I. Metelkin and V. P. Blekht, “Formation of a Continuous Phase in 
Heterogeneous Polymer Mixtures,” Colloid J. USSR, vol. 46, pp. 425–429, 
1984. 
[40] S. Tomotika, “On the Instability of a Cylindrical Thread of a Viscous Liquid 
surrounded by Another Viscous Fluid,” S. Proc. R. Soc. London, vol. 150, no. 
870, pp. 322–337, 1935. 
232 
 
[41] S. Steinmann, W. Gronski, and C. Friedrich, “Quantitative rheological 
evaluation of phase inversion in two-phase polymer blends with cocontinuous 
morphology,” Rheol Acta, vol. 41, pp. 77–86, 2002. 
[42] C. Shih, “Mixing and Morphological Transformations in the Compounding 
Process for Polymer Blends : The Phase Inversion Mechanism *,” Polym. Eng. 
Sci., vol. 35, no. 21, pp. 1688–1694, 1995. 
[43] C. Shih, “Fundamentals of Polymer Compounding : The Phase-Inversion 
Mechanism During Mixing of Polymer Blends *,” Adv. Polym. Technol., vol. 11, 
no. 3, pp. 223–226, 1992. 
[44] B. E. Corley and H. Radusch, “Intensification of interfacial interaction in 
dynamic vulcanization Intensification of Interfacial Interaction in Dynamic 
Vulcanization,” J. Macromol. Sci. Part B, vol. 37, no. 2, pp. 265–273, 1998. 
[45] N. Kitayama, H. Keskkula, and D. R. Paul, “Reactive compatibilization of nylon 
6 / styrene-acrylonitrile copolymer blends . Part 1 . Phase inversion behavior,” 
Polymer, vol. 41, pp. 8041–8052, 2000. 
[46] P. Potschke and D. R. Paul, “Detection of Co-Continuous Structures in 
SAN/PA6 Blends by Different Methods,” Macromol. Symp., vol. 198, pp. 69–81, 
2003. 
[47] W. M. Christopher, “Morphology Development and Control in Immiscible 
Polymer Blends,” Macromol. Symp., vol. 149, pp. 171–184, 2000. 
[48] A. Ajji and L. A. Utracki, “lnterphase and Compatibilization of Polymer Blends,” 
Polym. Eng. Sci., vol. 36, no. 12, pp. 1574–1585, 1996. 
[49] U. Sundararajs and C. W. Macosko, “Drop Breakup and Coalescence in 
233 
 
Polymer Blends : The Effects of Concentration and Compatibilizationf,” 
Macromolecules, vol. 28, pp. 2647–2657, 1996. 
[50] K. Madhavan Nampoothiri, N. R. Nair, and R. P. John, “An overview of the 
recent developments in polylactide (PLA) research.,” Bioresour. Technol., vol. 
101, no. 22, pp. 8493–501, 2010. 
[51] M. Jamshidian, E. A. Tehrany, M. Imran, M. Jacquot, and S. Desobry, “Poly-
Lactic Acid: Production, Applications, Nanocomposites, and Release Studies,” 
Compr. Rev. Food Sci. Food Saf., vol. 9, no. 5, pp. 552–571, 2010. 
[52] R. P. John, K. M. Nampoothiri, and A. Pandey, “Fermentative production of 
lactic acid from biomass: an overview on process developments and future 
perspectives.,” Appl. Microbiol. Biotechnol., vol. 74, no. 3, pp. 524–34, 2007. 
[53] M. H. Hartmann, “High Molecular Weight Polylactic Acid Polymers,” Macromol. 
Syst. — Mater. Approach, pp. 367–411, 1998. 
[54] J. Sarasua, R. E. Prud, M. Wisniewski, A. Le Borgne, and N. Spassky, 
“Crystallization and Melting Behavior of Polylactides,” Macromolecules, vol. 31, 
no. 97, pp. 3895–3905, 1998. 
[55] C. Fraschini, R. Plesu, J.-R. Sarasua, and R. E. Prud’homme, “Cracking in 
polylactide spherulites,” J. Polym. Sci. Part B Polym. Phys., vol. 43, no. 22, pp. 
3308–3315, 2005. 
[56] R. Auras, B. Harte, and S. Selke, “An overview of polylactides as packaging 
materials.,” Macromol. Biosci., vol. 4, no. 9, pp. 835–64, 2004. 
[57] D. Garlotta, “A Literature Review of Poly ( Lactic Acid ),” Polym. Environ., vol. 
9, no. 2, 2002. 
234 
 
[58] K. Anderson, K. Schreck, and M. Hillmyer, “Toughening Polylactide,” Polym. 
Rev., vol. 48, no. 1, pp. 85–108, 2008. 
[59] K. I. Park and M. Xanthos, “A study on the degradation of polylactic acid in the 
presence of phosphonium ionic liquids,” Polym. Degrad. Stab., vol. 94, no. 5, 
pp. 834–844, 2009. 
[60] A. Jarerat, Y. Tokiwa, and H. Tanaka, “Poly(L-lactide) degradation by 
Kibdelosporangium aridum.,” Biotechnol. Lett., vol. 25, no. 23, pp. 2035–8, 
2003. 
[61] M. C. Gupta and V. G. Deshmukh, “Thermal oxidative degradation of poly-
lactic acid,” Colloid Polym. Sci., vol. 260, pp. 514–517, 1982. 
[62] A. Södergård and M. Stolt, “Properties of lactic acid based polymers and their 
correlation with composition,” Prog. Polym. Sci., vol. 27, no. 6, pp. 1123–1163, 
2002. 
[63] X. Zhang, P. Urs, D. Pichora, F. Mattheus, and A. Goosen, “Polymer Bulletin 9,” 
Polym. Bull., vol. 27, pp. 623–629, 1992. 
[64] A. P. Kumar, D. Depan, N. Singh Tomer, and R. P. Singh, “Nanoscale particles 
for polymer degradation and stabilization—Trends and future perspectives,” 
Prog. Polym. Sci., vol. 34, no. 6, pp. 479–515, 2009. 
[65] N. Herron and D. L. Thorn, “Nanoparticles: Uses and Relationships to 
Molecular Cluster Compounds,” Adv. Mater., vol. 10, no. 15, pp. 1173–1184, 
1998. 
[66] J.-M. Raquez, Y. Habibi, M. Murariu, and P. Dubois, “Polylactide (PLA)-based 
nanocomposites,” Prog. Polym. Sci., vol. 38, no. 10–11, pp. 1504–1542, 2013. 
235 
 
[67] S. Sinharay and M. Bousmina, “Biodegradable polymers and their layered 
silicate nanocomposites: In greening the 21st century materials world,” Prog. 
Mater. Sci., vol. 50, no. 8, pp. 962–1079, 2005. 
[68] A. Olad, “Polymer / Clay Nanocomposites,” in Advances in Diverse Industrial 
Application of Nanocomposites, 2011, pp. 113–138. 
[69] S. Sinha Ray and M. Okamoto, “Polymer/layered silicate nanocomposites: a 
review from preparation to processing,” Prog. Polym. Sci., vol. 28, no. 11, pp. 
1539–1641, 2003. 
[70] V. Mittal, “Polymer Layered Silicate Nanocomposites: A Review,” Materials 
(Basel)., vol. 2, no. 3, pp. 992–1057, 2009. 
[71] P. Singla, R. Mehta, and S. N. Upadhyay, “Clay Modification by the Use of 
Organic Cations,” Green Sustain. Chem., vol. 2012, no. February, pp. 21–25, 
2012. 
[72] S. Pavlidou and C. D. Papaspyrides, “A review on polymer–layered silicate 
nanocomposites,” Prog. Polym. Sci., vol. 33, no. 12, pp. 1119–1198, 2008. 
[73] O. Persenaire, J.-M. Raquez, L. Bonnaud, and P. Dubois, “Tailoring of Co-
Continuous Polymer Blend Morphology: Joint Action of Nanoclays and 
Compatibilizers,” Macromol. Chem. Phys., vol. 211, no. 13, pp. 1433–1440, 
2010. 
[74] A. Kiersnowski, P. Dąbrowski, H. Budde, J. Kressler, and J. Pigłowski, 
“Synthesis and structure of poly(ε-caprolactone)/synthetic montmorillonite 
nano-intercalates,” Eur. Polym. J., vol. 40, no. 11, pp. 2591–2598, 2004. 
[75] N. Ogata, G. Jimenez, H. Kawai, and T. Ogihara, “Structure and Thermal / 
236 
 
Mechanical Properties of Poly ( l-lactide ) -Clay Blend,” Polym. Sci., vol. 35, pp. 
389–396, 1997. 
[76] Z. Duan, N. L. Thomas, and W. Huang, “Water vapour permeability of 
poly(lactic acid) nanocomposites,” J. Memb. Sci., vol. 445, pp. 112–118, 2013. 
[77] S. Sinha Ray, P. Maiti, M. Okamoto, K. Yamada, and K. Ueda, “New 
Polylactide/Layered Silicate Nanocomposites. 1. Preparation, Characterization, 
and Properties,” Macromolecules, vol. 35, no. 8, pp. 3104–3110, 2002. 
[78] M. Broz, “Structure and mechanical properties of poly(?,?-lactic acid)/poly(ɛ-
caprolactone) blends,” Biomaterials, vol. 24, no. 23, pp. 4181–4190, 2003. 
[79] H. Tsuji and Y. Ikada, “Blends of Aliphatic Polyesters . I . Physical Properties 
and Morphologies of Solution-Cast Blends from Poly ( Di-lactide ),” Appl. 
Polym. Sci., vol. 60, pp. 2367–2375. 
[80] M. Hiijanen-vainio, P. Varpomaa, J. Seppala, and P. Tormala, “Modification of 
poly ( L4actides ) by blending : mechanical and hydrolytic behavior,” 
Macromolecular, vol. 1523, pp. 1503–1523, 1996. 
[81] M. Zhang and N. L. Thomas, “Blending Polylactic Acid with 
Polyhydroxybutyrate : The Effect on Thermal , Mechanical , and 
Biodegradation Properties,” Adv. Polym. Technol., vol. 30, no. 2, pp. 67–79, 
2010. 
[82] J. Yoon, W. Lee, K. Kim, I. Chin, M. Kim, and C. Kim, “Effect of poly ( ethylene 
glycol ) - block -poly ( L -lactide ) on the poly [( R ) -3-hydroxybutyrate ]/ poly 
( L -lactide ) blends,” Eur. Polym., vol. 36, pp. 3–10, 2000. 
[83] J. W. Park, D. L. Lee, E. S. Yoo, and I. S. S, “Biodegradable polymer blends of 
237 
 
PLA and starch.pdf,” Korea Polym. J., vol. 7, no. 2, pp. 93–101, 1999. 
[84] D. Carlson, L. Nie, R. Narayan, and P. Dubois, “Maleation of polylactide (PLA) 
by reactive extrusion,” Appl. Polym. Sci., vol. 72, no. 4, pp. 477–485, Apr. 1999. 
[85] T. Ke and X. S. Sun, “Starch , Poly ( lactic acid ), and Poly ( vinyl alcohol ) 
Blends,” Polym. Environ., vol. 11, no. 1, pp. 7–14, 2003. 
[86] K.-S. Kim, I.-J. Chin, J. S. Yoon, H. J. Choi, D. C. Lee, and K. H. Lee, 
“Crystallization behavior and mechanical properties of poly(ethylene 
oxide)/poly(L-lactide)/poly(vinyl acetate) blends,” J. Appl. Polym. Sci., vol. 82, 
no. 14, pp. 3618–3626, 2001. 
[87] E. ADAMOPOULOU, “Poly(butylene succinate): A promising biopolymer,” 
2012. 
[88] N. Jacquel, F. Freyermouth, F. Fenouillot, A. Rousseau, J. P. Pascault, P. 
Fuertes, and R. Saint-Loup, “Synthesis and properties of poly(butylene 
succinate): Efficiency of different transesterification catalysts,” J. Polym. Sci. 
Part A Polym. Chem., vol. 49, no. 24, pp. 5301–5312, 2011. 
[89] S. S. Ray, K. Okamoto, P. Maiti, and M. Okamotoa, “New Poly(butylene 
succinate)/Layered Silicate Nanocomposites: Preparation and Mechanical 
Properties,” J. Nanosci. Nanotechnol., vol. 2, no. 2, pp. 171–176, 2002. 
[90] J. Xu and B.-H. Guo, “Poly(butylene succinate) and its copolymers: research, 
development and industrialization.,” Biotechnol. J., vol. 5, no. 11, pp. 1149–63, 
2010. 
[91] C. Kanemura, S. Nakashima, and A. Hotta, “Mechanical properties and 
chemical structures of biodegradable poly(butylene-succinate) for material 
238 
 
reprocessing,” Polym. Degrad. Stab., vol. 97, no. 6, pp. 972–980, 2012. 
[92] S. Nakashima, A. Hotta, and S. Somiya, “Effect of Reprocessing on the 
Mechanical Properties of,” in The XIth International Congress and Exposition, 
2008. 
[93] T. Fujimaki, “Processability and properties of aliphatic polyesters, ‘BIONOLLE’, 
synthesized by polycondensation reaction,” Polym. Degrad. Stab., vol. 59, no. 
1–3, pp. 209–214, 1998. 
[94] K. Ihn, E. Yoo, and S. Im, “Structure and Morphology of Poly(tetramethylene 
succinate) Crystals,” Macromolecules, vol. 28, pp. 2460–2464, 1995. 
[95] Z. Qiu, M. Komura, T. Ikehara, and T. Nishi, “DSC and TMDSC study of 
melting behaviour of poly(butylene succinate) and poly(ethylene succinate),” 
Polymer (Guildf)., vol. 44, no. 26, pp. 7781–7785, 2003. 
[96] M. Yasuniwa and T. Satou, “Multiple melting behavior of poly(butylene 
succinate). I. Thermal analysis of melt-crystallized samples,” J. Polym. Sci. 
Part B Polym. Phys., vol. 40, no. 21, pp. 2411–2420, 2002. 
[97] X. Wang, J. Zhou, and L. Li, “Multiple melting behavior of poly(butylene 
succinate),” Eur. Polym. J., vol. 43, no. 8, pp. 3163–3170, 2007. 
[98] E. S. Yoo and S. S. Im, “Melting behavior of poly(butylene succinate) during 
heating scan by DSC,” J. Polym. Sci. Part B Polym. Phys., vol. 37, no. 13, pp. 
1357–1366, 1999. 
[99] K. Cho, J. Lee, and K. Kwon, “Hydrolytic Degradation Behavior of Poly 
( butylene succinate ) s with Different Crystalline Morphologies,” Appl. Polym. 
Sci., vol. 79, pp. 1025–1033, 2000. 
239 
 
[100] J.-H. Zhao, X.-Q. Wang, J. Zeng, G. Yang, F.-H. Shi, and Q. Yan, 
“Biodegradation of poly(butylene succinate) in compost,” J. Appl. Polym. Sci., 
vol. 97, no. 6, pp. 2273–2278, 2005. 
[101] P. Rizzarelli and S. Carroccio, “Thermo-oxidative processes in biodegradable 
poly(butylene succinate),” Polym. Degrad. Stab., vol. 94, no. 10, pp. 1825–
1838, 2009. 
[102] S. S. Ray, K. Okamoto, and M. Okamoto, “Structure - Property Relationship in 
Biodegradable Poly ( butylene succinate )/ Layered Silicate Nanocomposites,” 
Macromol. Res., vol. 36, pp. 2355–2367, 2003. 
[103] S. S. Ray, K. Okamoto, and M. Okamoto, “Structure and properties of 
nanocomposites based on poly(butylene succinate) and organically modified 
montmorillonite,” J. Appl. Polym. Sci., vol. 102, no. 1, pp. 777–785, 2006. 
[104] G.-X. Chen, E.-S. Kim, and J.-S. Yoon, “Poly(butylene succinate)/twice 
functionalized organoclay nanocomposites: Preparation, characterization, and 
properties,” J. Appl. Polym. Sci., vol. 98, no. 4, pp. 1727–1732, 2005. 
[105] K. Okamoto, S. Sinha Ray, and M. Okamoto, “New poly(butylene 
succinate)/layered silicate nanocomposites. II. Effect of organically modified 
layered silicates on structure, properties, melt rheology, and biodegradability,” 
J. Polym. Sci. Part B Polym. Phys., vol. 41, no. 24, pp. 3160–3172, 2003. 
[106] M. E. Makhatha, S. Sinha Ray, J. Hato, A. S. Luyt, and M. Bousmina, “Thermal 
and Thermomechanical Properties of Poly(butylene succinate) 
Nanocomposites,” J. Nanosci. Nanotechnol., vol. 8, no. 11, pp. 3795–3799, 
2007. 
240 
 
[107] Y. J. Phua, W. S. Chow, and Z. a. Mohd Ishak, “Poly(butylene succinate)/ 
Organo-montmorillonite Nanocomposites: Effects of the Organoclay Content 
on Mechanical, Thermal, and Moisture Absorption Properties,” J. Thermoplast. 
Compos. Mater., vol. 24, no. 1, pp. 133–151, 2010. 
[108] Y. J. Phua, “Mechanical properties and structure development in poly(butylene 
succinate)/organo-montmorillonite nanocomposites under uniaxial cold rolling,” 
eXPRESS Polym. Lett., vol. 5, no. 2, pp. 93–103, 2011. 
[109] Y. F. Shih, L. S. Chen, and R. J. Jeng, “Preparation and properties of 
biodegradable PBS/multi-walled carbon nanotube nanocomposites,” Polymer 
(Guildf)., vol. 49, no. 21, pp. 4602–4611, 2008. 
[110] L. Song and Z. Qiu, “Crystallization behavior and thermal property of 
biodegradable poly(butylene succinate)/functional multi-walled carbon 
nanotubes nanocomposite,” Polym. Degrad. Stab., vol. 94, no. 4, pp. 632–637, 
2009. 
[111] X. Wang, H. Yang, L. Song, Y. Hu, W. Xing, and H. Lu, “Morphology, 
mechanical and thermal properties of graphene-reinforced poly(butylene 
succinate) nanocomposites,” Compos. Sci. Technol., vol. 72, no. 1, pp. 1–6, 
2011. 
[112] J. Bian, L. Han, X. Wang, X. Wen, C. Han, S. Wang, and L. Dong, 
“Nonisothermal Crystallization Behavior and Mechanical Properties of Poly 
( butylene succinate )/ Silica Nanocomposites,” Appl. Polym. Sci., vol. 116, pp. 
902–912, 2010. 
[113] S.-I. Han, J. S. Lim, D. K. Kim, M. N. Kim, and S. S. Im, “In situ polymerized 
poly(butylene succinate)/silica nanocomposites: Physical properties and 
241 
 
biodegradation,” Polym. Degrad. Stab., vol. 93, no. 5, pp. 889–895, 2008. 
[114] C. Coelho, M. Hennous, V. Verney, and F. Leroux, “Functionalisation of 
polybutylene succinate nanocomposites: from structure to reinforcement of 
UV-absorbing and mechanical properties,” RSC Adv., vol. 2, no. 12, p. 5430, 
2012. 
[115] I. W. J. Jackson, F. Herbert, and J. R. Caldwell, “Butadediol polyester 
compositions containing talc and having improved heat-distortion temperature,” 
United States Pat., vol. 420, no. 493, pp. 4–8, 1975. 
[116] B. Calabia, F. Ninomiya, H. Yagi, A. Oishi, K. Taguchi, M. Kunioka, and M. 
Funabashi, “Biodegradable Poly(butylene succinate) Composites Reinforced 
by Cotton Fiber with Silane Coupling Agent,” Polymers (Basel)., vol. 5, no. 1, 
pp. 128–141, 2013. 
[117] Z. Liang, P. Pan, B. Zhu, T. Dong, and Y. Inoue, “Mechanical and Thermal 
Properties of Poly ( butylene succinate )/ Plant Fiber Biodegradable 
Composite,” Appl. Microbiol. Biotechnol., vol. 115, pp. 3559–3567, 2009. 
[118] H.-S. Kim, H.-J. Kim, J.-W. Lee, and I.-G. Choi, “Biodegradability of bio-flour 
filled biodegradable poly(butylene succinate) bio-composites in natural and 
compost soil,” Polym. Degrad. Stab., vol. 91, no. 5, pp. 1117–1127, 2006. 
[119] C.-F. Kuan, C.-C. M. Ma, H.-C. Kuan, H.-L. Wu, and Y.-M. Liao, “Preparation 
and characterization of the novel water-crosslinked cellulose reinforced 
poly(butylene succinate) composites,” Compos. Sci. Technol., vol. 66, no. 13, 
pp. 2231–2241, 2006. 
[120] Y. Tachibana, N. T. T. Giang, F. Ninomiya, M. Funabashi, and M. Kunioka, 
242 
 
“Cellulose acetate butyrate as multifunctional additive for poly(butylene 
succinate) by melt blending: Mechanical properties, biomass carbon ratio, and 
control of biodegradability,” Polym. Degrad. Stab., vol. 95, no. 8, pp. 1406–
1413, 2010. 
[121] Z. Qiu, T. Ikehara, and T. Nishi, “Melting behaviour of poly(butylene succinate) 
in miscible blends with poly(ethylene oxide),” Polymer (Guildf)., vol. 44, no. 10, 
pp. 3095–3099, 2003. 
[122] Z. Qiu, T. Ikehara, and T. Nishi, “Miscibility and crystallization in 
crystalline/crystalline blends of poly(butylene succinate)/poly(ethylene oxide),” 
Polymer (Guildf)., vol. 44, no. 9, pp. 2799–2806, 2003. 
[123] Y. J. Kim and O. O. Park, “Miscibility and Biodegradability of Poly ( Butylene 
Succinate )/ Poly ( Butylene Terephthalate ) Blends,” vol. 7, no. 1, 1999. 
[124] J. W. Park and S. S. Im, “Phase behavior and morphology in blends of poly(L-
lactic acid) and poly(butylene succinate),” J. Appl. Polym. Sci., vol. 86, no. 3, 
pp. 647–655, 2002. 
[125] G. Chen, H. Kim, E. Kim, and J. Yoon, “Compatibilization-like effect of reactive 
organoclay on the poly(l-lactide)/poly(butylene succinate) blends,” Polymer, vol. 
46, no. 25, pp. 11829–11836, 2005. 
[126] A. Bhatia, R. K. Gupta, S. N. Bhattacharya, and H. J. Choi, “Compatibility of 
Biodegradable Poly ( lactic acid ) ( PLA ) and Poly ( butylene succinate ) 
( PBS ) Blends for Packaging Application,” Korea-Australia Rheol., vol. 19, no. 
3, pp. 125–131, 2007. 
[127] S. Lee and J. W. Lee, “Characterization and processing of Biodegradable 
243 
 
polymer blends of poly ( lactic acid ) with poly ( butylene succinate adipate ),” 
Korea-Australia Rheol., vol. 17, no. 2, pp. 71–77, 2005. 
[128] D. Wu, L. Yuan, E. Laredo, M. Zhang, and W. Zhou, “Interfacial Properties, 
Viscoelasticity, and Thermal Behaviors of Poly(butylene succinate)/Polylactide 
Blend,” Ind. Eng. Chem. Res., vol. 51, no. 5, pp. 2290–2298, 2012. 
[129] R. Homklin and N. Hongsriphan, “Mechanical and Thermal Properties of 
PLA/PBS Co-continuous Blends Adding Nucleating Agent,” Energy Procedia, 
vol. 34, pp. 871–879, 2013. 
[130] T. Yokohara and M. Yamaguchi, “Structure and properties for biomass-based 
polyester blends of PLA and PBS,” Eur. Polym. J., vol. 44, no. 3, pp. 677–685, 
2008. 
[131] E. Hassan, Y. Wei, H. Jiao, and M. Yu, “Dynamic Mechanical properties and 
Thermal stability of Poly(lactic acid) and poly(butylene succinate) blends 
composites,” J. Fiber Bioeng. Informatics, vol. 6, no. 1, pp. 85–94, 2013. 
[132] L. Jompang, S. Thumsorn, J. W. On, P. Surin, C. Apawet, T. 
Chaichalermwong, N. Kaabbuathong, N. O-Charoen, and N. Srisawat, 
“Poly(Lactic Acid) and Poly(Butylene Succinate) Blend Fibers Prepared by 
Melt Spinning Technique,” Energy Procedia, vol. 34, pp. 493–499, 2013. 
[133] J. Zhou, X. Wang, K. Hua, C. Duan, W. Zhang, J. Ji, and X. Yang, “Enhanced 
mechanical properties and degradability of poly(butylene succinate) and 
poly(lactic acid) blends,” Iran. Polym. J., vol. 22, no. 4, pp. 267–275, 2013. 
[134] C. Z. Chuai, N. Zhao, S. Li, and B. X. Sun, “Study on PLA/PBS Blends,” Adv. 
Mater. Res., vol. 197–198, pp. 1149–1152, 2011. 
244 
 
[135] M. Shibata, Y. Inoue, and M. Miyoshi, “Mechanical properties, morphology, 
and crystallization behavior of blends of poly(l-lactide) with poly(butylene 
succinate-co-l-lactate) and poly(butylene succinate),” Polymer, vol. 47, no. 10, 
pp. 3557–3564, 2006. 
[136] M. Shibata, N. Teramoto, and Y. Inoue, “Mechanical properties, morphologies, 
and crystallization behavior of plasticized poly(l-lactide)/poly(butylene 
succinate-co-l-lactate) blends,” Polymer., vol. 48, no. 9, pp. 2768–2777, Apr. 
2007. 
[137] S. B. Park, S. Y. Hwang, C. W. Moon, S. S. Im, and E. S. Yoo, “Plasticizer 
effect of novel PBS ionomer in PLA/PBS ionomer blends,” Macromol. Res., vol. 
18, no. 5, pp. 463–471, 2010. 
[138] M. Harada, T. Ohya, K. Iida, H. Hayashi, K. Hirano, and H. Fukuda, “Increased 
Impact Strength of Biodegradable Poly ( lactic acid )/ Poly ( butylene 
succinate ) Blend Composites by Using Isocyanate as a Reactive Processing 
Agent,” Wiley InterScience, 2007. . 
[139] R. Wang, S. Wang, Y. Zhang, C. Wan, and P. Ma, “Toughening Modification of 
PLLA / PBS Blends via In Situ Compatibilization,” Polym. Eng. Sci., vol. 10, 
2009. 
[140] G.-X. Chen and J.-S. Yoon, “Thermal stability of poly(l-lactide)/poly(butylene 
succinate)/clay nanocomposites,” Polym. Degrad. Stab., vol. 88, no. 2, pp. 
206–212, 2005. 
[141] A. Bhatia, R. K. Gupta, S. N. Bhattacharya, and H. J. Choi, “An Investigation of 
Melt Rheology and Thermal Stability of Poly ( lactic acid )/ Poly ( butylene 
succinate ) Nanocomposites,” Appl. Polym. Sci., vol. 114, pp. 2837–2847, 
245 
 
2009. 
[142] P. Ma, X. Wang, B. Liu, Y. Li, S. Chen, Y. Zhang, and G. Xu, “Preparation and 
Foaming Extrusion Behavior of Polylactide Acid/Polybutylene 
Succinate/Montmorillonoid Nanocomposite,” J. Cell. Plast., vol. 48, pp. 191–
205, 2012. 
[143] A. Bhatia, R. K. Gupta, S. N. Bhattacharya, and H. J. Choi, “Analysis of Gas 
Permeability Characteristics of Poly(Lactic Acid)/Poly(Butylene Succinate) 
Nanocomposites,” J. Nanomater., pp. 1–11, 2012. 
[144] U. Witt, R. Miiller, and W. Deckwer, “Biodegradation Behavior and Material 
Properties of Aliphatic / Aromatic Polyesters of Commercial Importance,” J. 
Environ. Polym. Degrad., vol. 5, no. 2, pp. 81–89, 1997. 
[145] U. Witt, T. Einig, M. Yamamoto, I. Kleeberg, and W. Deckwer, “Biodegradation 
of aliphatic ± aromatic copolyesters : evaluation of the ® nal biodegradability 
and ecotoxicological impact of degradation intermediates,” Chemosphere, vol. 
44, pp. 289–299, 2001. 
[146] M. Yamamoto, U. Witt, G. Skupin, D. Beimborn, and R.-J. Müller, 
“Biodegradable Aliphatic-Aromatic Polyesters: ‘Ecoflex®,’” in Biopolymers, 
Wiley-VCH Verlag GmbH & Co. KGaA, p. 299, 2005. 
[147] R. Herrera, L. Franco, A. Rodriguez-Galan, and J. Puiggali, “Characterization 
and degradation behavior of poly(butylene adipate-co-terephthalate)s,” J. 
Polym. Sci. Part A Polym. Chem., vol. 40, no. 23, pp. 4141–4157, 2002. 
[148] X. Q. Shi, H. Ito, and T. Kikutani, “Characterization on mixed-crystal structure 
and properties of poly ( butylene adipate- co -terephthalate ) biodegradable 
246 
 
fibers,” Polymer (Guildf)., vol. 46, pp. 11442–11450, 2005. 
[149] T. Bluhm, G. Hamer, and R. Marchessault, “Terry L. Bluhm, Gordon K. Hamer, 
and Robert H. Marchessault*,” Macromolecules, vol. 19, pp. 2871–2876, 1986. 
[150] E. Helfand and J. I. Lauritzen, “Theory of Copolymer Crystallization,” 
Macromolecules, vol. 6, no. 4, p. 631, 1973. 
[151] M. Zhang, X. Diao, Y. Jin, and Y. Weng, “Preparation and characterization of 
biodegradable blends of poly ( 3-hydroxybutyrate-co-3- hydroxyhexanoate ) 
and poly ( butylene adipate-co- terephthalate ),” J Polym Eng, vol. 36, no. 5, pp. 
473–480, 2016. 
[152] S. Y. Gu, K. Zhang, J. Ren, and H. Zhan, “Melt rheology of 
polylactide/poly(butylene adipate-co-terephthalate) blends,” Carbohydr. Polym., 
vol. 74, no. 1, pp. 79–85, 2008. 
[153] T. Liu, W. Lin, M. Yang, and S. Chen, “Miscibility , thermal characterization and 
crystallization of poly ( L -lactide ) and poly ( tetramethylene adipate- co -
terephthalate ) blend membranes,” Polymer , vol. 46, pp. 12586–12594, 2005. 
[154] J.-T. Yeh, C. Tsou, C. Huang, and C. Kannan, “Compatible and Crystallization 
Properties of Poly(lactic acid)/Poly(butylene adipate-co-terephthalate) Blends,” 
J. Appl. Phys., vol. 113, pp. 1763–1772, 2009. 
[155] S. Farsetti, B. Cioni, and  a. Lazzeri, “Physico-Mechanical Properties of 
Biodegradable Rubber Toughened Polymers,” Macromol. Symp., vol. 301, no. 
1, pp. 82–89, 2011. 
[156] H.-T. Chiu, S.-Y. Huang, Y.-F. Chen, M.-T. Kuo, T.-Y. Chiang, C.-Y. Chang, 
and Y.-H. Wang, “Heat Treatment Effects on the Mechanical Properties and 
247 
 
Morphologies of Poly (Lactic Acid)/Poly (Butylene Adipate-co-terephthalate) 
Blends,” Int. J. Polym. Sci., vol. 2013, p. 11, 2013. 
[157] L. Jiang, M. P. Wolcott, and J. Zhang, “Study of Biodegradable Polylactide / 
Poly ( butylene adipate-co-terephthalate ) Blends,” Biomacromolecules, vol. 7, 
pp. 199–207, 2006. 
[158] L. Jiang, B. Liu, and J. Zhang, “Properties of Poly(lactic acid)/Poly(butylene 
adipate- co -terephthalate)/Nanoparticle Ternary Composites,” Ind. Eng. Chem. 
Res., vol. 48, no. 16, pp. 7594–7602, 2009. 
[159] H. Xiao, W. Lu, and J. Yeh, “Crystallization Behavior of Fully Biodegradable 
Poly ( Lactic Acid )/ Poly ( Butylene Adipate- co -Terephthalate ) Blends,” J. 
Appl. Phys., vol. 112, pp. 3754–3763, 2009. 
[160] P. Zhao, W. Liu, Q. Wu, and J. Ren, “Preparation , Mechanical , and Thermal 
Properties of Biodegradable Polyesters / Poly ( Lactic Acid ) Blends,” J. 
Nanomater., vol. 2010, 2010. 
[161] K. Li, J. Peng, L.-S. Turng, and H.-X. Huang, “Dynamic rheological behavior 
and morphology of polylactide/poly(butylenes adipate-co-terephthalate) blends 
with various composition ratios,” Adv. Polym. Technol., vol. 30, no. 2, pp. 150–
157, 2011. 
[162] X. Lu, J. Zhao, X. Yang, and P. Xiao, “Morphology and properties of 
biodegradable poly ( lactic acid )/ poly ( butylene adipate-co-terephthalate ) 
blends with different viscosity ratio,” Polym. Test., vol. 60, pp. 58–67, 2017. 
[163] M. Shahlari and S. Lee, “Biodegradable Polymer / Clay Nanocomposites 
Based on Poly ( Butylene Adipate-co-Terephthalate ) and Poly ( Lactic Acid ),” 
248 
 
pp. 1–6, 2011. 
[164] R. I. C. Chivrac, E. Pollet, and L. U. C. Ave, “Nonisothermal Crystallization 
Behavior of Poly ( butylene adipate- co -terephthalate )/ Clay Nano-
biocomposites,” Polym. Sci. Part B Polym. Phys., vol. 45, pp. 1503–1510, 
2006. 
[165] E. Quero, A. J. Müller, F. Signori, and M. Coltelli, “Isothermal Cold-
Crystallization of PLA / PBAT Blends With and Without the Addition of Acetyl 
Tributyl Citrate,” Macromol. Chem. Phys., vol. 213, pp. 36–48, 2012. 
[166] M. Coltelli, I. Della Maggiore, M. Bertoldo, F. Signori, S. Bronco, and F. 
Ciardelli, “Poly ( lactic acid ) Properties as a Consequence of Poly ( butylene 
adipate- co -terephthalate ) Blending and Acetyl Tributyl Citrate Plasticization,” 
J. Appl. Phys., vol. 110, pp. 1250–1262, 2008. 
[167] S. Lin, W. Guo, C. Chen, J. Ma, and B. Wang, “Mechanical properties and 
morphology of biodegradable poly(lactic acid)/poly(butylene adipate-co-
terephthalate) blends compatibilized by transesterification,” Mater. Des., vol. 
36, pp. 604–608, 2012. 
[168] N. Zhang, C. Zeng, and L. Wang, “Preparation and Properties of 
Biodegradable Poly ( lactic acid )/ Poly ( butylene adipate- co -terephthalate ) 
Blend with Epoxy- Functional Styrene Acrylic Copolymer as Reactive Agent,” J. 
Polym. Environ., vol. 21, pp. 286–292, 2013. 
[169] V. Ym and R. Savitha, “Microbial & Biochemical Technology Overview on 
Polyhydroxyalkanoates : A Promising Biopol,” J. Microb. Biochem. Technol., 
vol. 3, no. 5, pp. 99–105, 2011. 
249 
 
[170] P. M. Visakh, “Polyhydroxyalkanoates ( PHAs ), their Blends, Composites and 
Nanocomposites: State of the Art , New Challenges and Opportunities,” R. Soc. 
Chem., no. 30, pp. 1–17, 2015. 
[171] E. Bugnicourt, P. Cinelli,  a. Lazzeri, and V. Alvarez, “Polyhydroxyalkanoate 
(PHA): Review of synthesis, characteristics, processing and potential 
applications in packaging,” Express Polym. Lett., vol. 8, no. 11, pp. 791–808, 
2014. 
[172] K. Szuman, I. Krucińska, M. Boguń, and Z. Draczyński, “PLA / PHA- 
BIODEGRADABLE BLENDS FOR PNEUMOTHERMIC FABRICATION OF 
NONWOVENS,” AUTEX Res. J., vol. 16, no. 3, pp. 119–127, 2016. 
[173] L. Yu, K. Dean, and L. Li, “Polymer blends and composites from renewable 
resources,” Prog. Polym. Sci., vol. 31, no. 6, pp. 576–602, 2006. 
[174] N. C. Loureiro, J. L. Esteves, J. C. Viana, and S. Ghosh, “Mechanical 
characterization of polyhydroxyalkanoate and poly ( lactic acid ) blends,” J. 
Thermoplast. Compos. Mater., vol. 28, no. 2, pp. 195–213, 2013. 
[175] N. C. Loureiro, S. Ghosh, J. C. Viana, and J. L. Esteves, “Thermal 
Characterization of Polyhydroxyalkanoates and Poly(lactic acid) Blends 
Obtained by Injection Molding,” Polym. Plast. Technol. Eng., vol. 54, no. 4, pp. 
350–356, 2014. 
[176] I. Ohkoshi, H. Abe, and Y. Doi, “Miscibility and solid-state structures for blends 
of poly [( S ) -lactide ] with atactic poly [( R , S ) -3-hydroxybutyrate ],” Polymer., 
vol. 41, pp. 5985–5992, 2000. 
[177] J. Chenal, C. Gauthier, S. Calv, J. Yves, and N. R. Demarquette, 
250 
 
“Understanding the mechanical and biodegradation behaviour of poly 
( hydroxybutyrate )/ rubber blends in relation to their morphology,” Polym Int, 
vol. 61, pp. 434–441, 2012. 
[178] M. P. Arrieta, M. Samper, M. Aldas, and J. Lopez, “On the Use of PLA-PHB 
Blends for Sustainable Food Packaging Applications,” Materials (Basel)., vol. 
10, pp. 1–26, 2017. 
[179] N. Koyama and Y. Doi, “Miscibility of binary blends of poly [( R ) -3-
hydroxybutyric acid ] and poly [( S ) -Iactic acid ],” Polymer, vol. 38, no. 96, pp. 
1589–1593, 1997. 
[180] E. Blumm and A. J. Owen, “crystallization of poly ( 3 - hydroxybutyrate )/ poly 
( L-lactide ) blends,” Polymer , vol. 36, no. 21, pp. 4077–4081, 1995. 
[181] J. Zhang, H. Sato, T. Furukawa, H. Tsuji, and I. Noda, “Crystallization 
Behaviors of Poly ( 3-hydroxybutyrate ) and Poly ( L -lactic acid ) in Their 
Immiscible and Miscible Blends,” J. Phys. Chem. B, vol. 110, pp. 24463–24471, 
2006. 
[182] M. P. Arrieta, J. López, D. López, J. M. Kenny, and L. Peponi, “Development of 
flexible materials based on plasticized electrospun PLA – PHB blends : 
Structural , thermal , mechanical and disintegration properties,” Eur. Polym. J., 
vol. 73, pp. 433–446, 2015. 
[183] M. A. Abdelwahab, A. Flynn, B. Chiou, S. Imam, W. Orts, and E. Chiellini, 
“Thermal , mechanical and morphological characterization of plasticized PLA e 
PHB blends,” Polym. Degrad. Stab., vol. 97, no. 9, pp. 1822–1828, 2012. 
[184] I. Armentano, E. Fortunati, N. Burgos, F. Dominici, F. Luzi, K. Yoon, J. Ahn, S. 
251 
 
Kang, S. Fiori, A. Jim, and M. Kenny, “LWT - Food Science and Technology 
Bio-based PLA _ PHB plasticized blend fi lms : Processing and structural 
characterization,” LWT-Food Sci. Technol., vol. 64, pp. 980–988, 2015. 
[185] L. Zhang, C. Xiong, and X. Deng, “Miscibility, crystallization and morphology of 
poly(3-hydroxybutyrate)/poly(d,l-lactide) blends,” Polymer, vol. 37, no. 2, pp. 
235–241,1996. 
[186] W. Brostow, R. Chiu, I. M. Kalogeras, and A. Vassilikou-Dova, “Prediction of 
glass transition temperatures: Binary blends and copolymers,” Mater. Lett., vol. 
62, no. 17–18, pp. 3152–3155, 2008. 
[187] M. Bousmina, A. Ait-kadi, and J. B. Faisant, “Determination of shear rate and 
viscosity from batch,” Sci. Rheol., vol. 43, no. 2, 1999. 
[188] Y. J. Shur and B. Ranby, “Gel Permeation of Polymer blends. I. PVC/Ethylene-
Vinyl Acetate Copolymer (EVA) * Gas,” Appl. Polym. Sci., vol. 19, pp. 1337–
1346, 1975. 
[189] S. Bandi and D. A. Schiraldi, “Glass Transition Behavior of Clay Aerogel / Poly 
( vinyl alcohol ) Composites,” Macromolecules, vol. 39, pp. 6537–6545, 2006. 
[190] S. Sinha Ray, K. Yamada, M. Okamoto, and K. Ueda, “Biodegradable 
Polylactide/Montmorillonite Nanocomposites,” J. Nanosci. Nanotechnol., vol. 3, 
no. 6, pp. 503–510, 2003. 
[191] D. Wu, D. Lin, J. Zhang, W. Zhou, M. Zhang, Y. Zhang, D. Wang, and B. Lin, 
“Selective localization of nanofillers: Effect on morphology and crystallization of 
PLA/PCL blends,” Macromol. Chem. Phys., vol. 212, no. 6, pp. 613–626, 2011. 
[192] D. R. Paul and L. M. Robeson, “Polymer nanotechnology : Nanocomposites,” 
252 
 
Polym. with aligned carbon Nanotub. Act. Compos. Mater., vol. 49, no. 15, pp. 
3187–3204, 2008. 
[193] Y. Wang, M. Li, and J. Rong, “Enhanced orientation of PEO polymer chains 
induced by nanoclays in electrospun PEO / clay composite nanofibers,” Colloid 
Polym. Sci., vol. 291, pp. 1541–1546, 2013. 
[194]  a. Bhatia, R. K. Gupta, S. N. Bhattacharya, and H. J. Choi, “Effect of Clay on 
Thermal, Mechanical and Gas Barrier Properties of Biodegradable Poly(lactic 
acid)/ Poly(butylene succinate) (PLA/PBS) Nanocomposites,” International 
Polymer Processing, vol. XXV, no. 1. pp. 5–14, 2010. 
[195] T. B. Lewis, L. E. Nielsen, and M. Company, “Dynamic Mechanical Properties 
of Particulate- Filled Composites,” J. Appl. Polym. Sci., vol. 14, pp. 1449–1471, 
1970. 
[196] H. Ebadi-dehaghani, H. Ali, M. Barikani, and S. Hassan, “Composites : Part B 
Experimental and theoretical analyses of mechanical properties of PP / PLA / 
clay nanocomposites,” Compos. PART B, vol. 69, pp. 133–144, 2015. 
[197] N. Naja, M. C. Heuzey, P. J. Carreau, and P. M. Wood-adams, “Control of 
thermal degradation of polylactide ( PLA ) -clay nanocomposites using chain 
extenders,” Polym. Degrad. Stab., vol. 97, pp. 554–565, 2012. 
[198] P. Pan, W. Kai, B. Zhu, T. Dong, and Y. Inoue, “Polymorphous Crystallization 
and Multiple Melting Behavior of Poly (L-lactide): Molecular Weight 
Dependence,” Macromolecules, vol. 40, pp. 6898–6905, 2007. 
[199] P. Pan, B. Zhu, W. Kai, T. Dong, and Y. Inoue, “Polymorphic Transition in 
Disordered Poly ( L -lactide ) Crystals Induced by Annealing at Elevated 
253 
 
Temperatures,” Macromolecules, vol. 41, pp. 4296–4304, 2008. 
[200] P. J. Barham, A. Keller, E. L. Otun, and P. A. Holmes, “Crystallization and 
morphology of a bacterial thermoplastic : poly-3-hyd roxybutyrate,” J. Mater. 
Sci., vol. 19, pp. 2781–2794, 1984. 
[201] R. A. C. Deblieck, D. J. M. Van Beek, K. Remerie, and I. M. Ward, “Failure 
mechanisms in polyole fi nes : The role of crazing , shear yielding and the 
entanglement network,” Polymer (Guildf)., vol. 52, no. 14, pp. 2979–2990, 
2011. 
[202] V. Nagarajan, A. K. Mohanty, and M. Misra, “Perspective on Polylactic Acid 
(PLA) based Sustainable Materials for Durable Applications: Focus on 
Toughness and Heat Resistance,” ACS Sustain. Chem. Eng., vol. 4, pp. 2899–
2916, 2016. 
[203] S. Timoshenko and J. N. Goodier, “Plane Stress and Plane Strain,” in Theory 
of Elasticity, New York: McGraw-Hill Book Company, 1951, pp. 11–27. 
[204] C. . Arends, “Multiphase Toughening of Plastics,” in Polymer Toughening, 
1996, pp. 61–84. 
 
